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1. INTRODUCTION
1.1 BACKGROUND

Contract No. DAAJO2-T2-C-0068's analysis of criteria for on-condition
maintenance for helicopter transmissions resulted in a methodology for
assessing the capability of helicopter dynamic components to operate with-
out the need for scheduled removals and an application of that methodology
to the CH-47. The conclusions reached under that effort reflect the
operutional experience of the CH-47. Analysis of the CH-53/54 transmission
systems was undertaken to gain the experience of other helicopter systems
and to formulate a clear position concerning on-condition maintenance for
helicopter drive systems and to identify those design concepts and pro-
cedures which would significantly enhance this approach.

The work done under Contract No. DAAJ02-T2-C-0068 and documented in
USAARMDL TR T3-581 resulted in an evaluation of on-condition maintenance
criteria from estimated hazard functions that describe the relationship
between a gearbox's operating time and its failure rate. Research of
other existing reliasbility analysis techniques was undertaken to develop
a preferred analysis concept for establishing gearbox hazard functions.

The notion of hazard functions is not new to reliability analysis. The
.classical "bathtub" curve is familiar to everyone for describing an
equipment's failure rate as a function of operating time. The term hazard
function is synonymous with instantaneous failure rate. Hazard functions
developed in this study for each failure mode describe only one section of
the "bathtub" curve. Thus, it would be necessary to combine three hazard
functions to completely describe the "bathtub" curve: one describing
infant mortality failures, one describing random failures, and one
describing wearout failures. While this study concentrates on determining
which section of the "bathtub" curve best described the failure mode's
behavior, the approach developed is sensitive enough to know when two or
more different hazard functions are needed. The shaft seals of the

CH-53 tail rotor gearbox, for example, were found to exhibit an infant
mortality type hazard function as well as a wearout type hazard function.

1Dougherty, J. J., and Blewitt, S. J., "Analysis of Criteria for On-Condi-

tion Maintenance for Helicopter Transmissions", USAARMDL Technical Report
73-58, Eustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia, September 1973.
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1.2 APPROACH

The reliability analysis technique for establishing gearbox hazard functions
is based upon the reliability distribution defined by the Weibull reli-
ability function. The Weibull distribution defines the cumulative
reliability, R(t), as follows:

(&)8
R(t) = e ©

where B is called the shape parameter and ® the size parameter. The
hazard function, h(t), which is defined as thz instantaneous failure rate
at any time, is given as follows:

B-1
h(t) = % (%)

The relationship between reliability and the hazard function is

t

R(t) = e'c{ n{#as

where § is used as an integration variable to permit evaluation of the
integral.

The reliability analysis technique establishes gearbox hazard functions
for safety-of-flight failure modes, mission reliability failure modes,
and dynemic component removal failure modes. The analysis starts by
defining and categorizing generic device failure modes in terms of their
worst possible effect on aircraft performance from the criteria given in
Table 1. The impact of current gearbox inspection techniques and
diagnostic systems is then evaluated to determine their ability to
alleviate the risk associated with the occurrence of a failure mode or

to classify a failure mode, for example, from safety of flight to mission
reliability. Once the worst-case categorization has been established,
the others easily follow. Hazard functions are then established for each
generic device failure mode either from experience data or from various
estimation methods when no experience data are available., Finally, all
the hazard functions of a particular category (safety of flight, mission
reliability, dynamic component removal) are combined and the resultant
hazard function is plotted.

The details and the derivation of the complete technical approach employed
in this study are given in Appendix A.

12



TABLE 1. FAILURE MODE CATEGORIZATION CRITERIA

Category
Safety-of-Flight A failure mode that causes either
Failure Mode immediate forced landing, injury to
the crew, or catastrophic loss of the
vehicle.
Mission Reliability A failure mode which prevents
Failure Mode commencement or completion oi a
mission, either by rendering the
system incapable of performing the
primary function of the mission or
by exposing the vehicle occupants
to unacceptable flight risk if
the mission is begun or continued.
Dynamic Component A failure mode that causes the removal
Failure Mode of a component and replacement with a
like item.
1.3 CH-53/54 TRANSMISSION SYSTEM DESCRIPTION

This study examines the CH-54 and the CH-53 Transmission systems. The
CH-53 transmission system is comprised of five gearboxes: (1) nose
gearbox, (2) main gearbox, (3) intermediate gearbox, (U4) tail rotor
gearbox, and (5) accessory gearbox. The CH-54 has three gearboxes:
(1) main gearbox, (2) intermediate gearbox, and (3) tail rotor gearbox.

1.3.1 CH-54 MAIN GEARBOX

The CH-54 main gearbox changes the angle of drive from the engines to the
main rotor and reduces rpm. (see Figures 1 and 2.) It supports and drives
the main rotor and accessories, and provides power through the tail rotor
drive shaft driving the tall rotor. Accessories are driven from the tail ]
takeoff gear. A rotor brake stops rotor head rotation after both engines
are shut down. The rotor breake is spline coupled into the second-stage
pinion gear shaft. Lubrication is accomplished by self-priming wet sump
system., The oil pump, attached to the main gearbox sump, circulates

0oil for the main gearbox lubrication and cooling. The gearbox is equipped
with an oil filter and oil strainer. A magnetic chip detector in the sump
is part of the chip detector system., A transmitter sends oil pressure
readings to an indicator on the instrument panel, while a temperature bulb
in the oil strainer transmits oil temperature readings to an indicator on
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the instrument panel. Freewheel units isolate engine torque from the main
gearbox when a reduction in an engine's input speed causes the second-strge
pinion gear to rotate faster than the first-stage bevel gear. The auxilia-
ry power plant may be used for operating the main gearbox accessories with-
out turning the rotors by a freewheel unit located on the tail rotor take-
off pinion gear shaft.

Not all aircraft accessories are driven by the main gearbox. The second-
stage hydraulic pump is directly driren from an engine. This prevents any
single gearbox malfunction from causing the complete loss of accessory
power.

1.3.2 CH-54 INTERMEDIATE GEARBOX

The CH-54 intermediate gearbox transmits torque from the tail drive shaft

to the pylon drive shaft, changing the angle and direction of drive (see
Figure 3). The gearbox consists of an input housing, center housing, and
output housing. The input and output housings contein input and output
spiral bevel gears and flenges. The center housing contains the idler gear,
oil pump, sight gage, and chip detector. The gearbox is air cooled while
the oil pump circulates the oil for lubrication.

1.3.3 CH-S4 TAIL ROTOR GEARBOX

The Ci'-54 tail rotor gearbox serves as the point of attachment for the tail
rotor, transmits torque from the pylon drive shaft to the tail rotor, and
changes angle of drive 90 degrees. The gearbox consists of a horn asssembly,
and of input, center, and output housings (see Figure 4). The gearbox is
splash lubricated and air cooled. The input housing contains the chip
detector plug, and the output housing contains the filler plug and oil level
sight gage. The tail rotor tandem servocylinder, installed through the
gearbox, is controlled by the directional flight controls and operates the
pitch beam which in turn is connected by links to the sleeve of each tail
rotor blade and changes blade pitch.

1.3.h CH-53 NOSE GEARBOX

The CH-53 has two nose gearboxes mounted on the exterior of the main fuse-
lage over and outboard of the forward cabin section. Each gearbox is
mounted at the forward section of an engine and serves as a forward engine
mount. The nose gearbox transmits engine torque to the main gearbox through
the main gearbox input drive shaft (see Figures 5 through 7). Each gearbox
provides the initial rpm reduction and changes the angle of drive from the
engine to the main gearbox. Each gearbox consists of a front cover assem-
bly, center housing linear and stud assembly, input housing and gear
assembly, output housing and gear assembly, oil pump, oil dipstick, strainer
and filter, electric chip detector, oil pressure switch for the oil pressure
indicating system, and a plugstat for the 0il temperature indicating system.
Each gearbox provides a drive pad for the fuel control flex drive,
tachometer-generator, and speed-sensing switch, and a driver pulley to drive
the ‘engine and nose gearbox oil cooler assembly. Lubrication of the gearbox
is accomplished by a wet sump system. A gear type
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lube pump circulates the oil through an external oil cooler for nose
gearbox lubrication and cooling.

1.3.5 CH-53 MAIN GEARBOX

The CH-53D main gearbox couples the two input drive shafts from the nose
gearboxes and provides output power for the main rotor, the tail rotor,
main gearbox oil cooler and blower, and accessory gearbox during engine
operation (see Figures 8 through 11). The two main inputs incorporate a
freewheel unit which automatically disengages both engines during auto-
rotation or one engine for single-engine operation due to an engine mal-
function. The gearbox also drives the first-stage hydraulic pump, a
tachometer-generator, and an oil pump that provides lubrication for the
gearbox by a wet sump type pressure Jjet lubrication system. The main oil
pump circulates oil from the sump through a filter into an external oil
cooler and to the lubrication jets to lubricate gears and bearings of the
gearbox. An oil level dipstick is incorporated to measure the oil level.
Indicating and warning systems are incorporated for main gearbox oil
pressure and oil temperature.

1.3.6 CH-53 ACCESSORY GEARBOX

The accessory gearbox transmits auxilliary power plant power during ground
operation to the No. 2 generator, and the utility, winch, and second-stage
hydraulic pumps, and transmits main engine power to these same accessories
plus the No. 1 generator during rotor operation (see Figures 12 and 13).

The gearbox consists of a front cover and liner, housing and liner, free-
wvheel unit, APP and accessory drive gears, oil level sight window, oil
pressure switch, strainer, and chip detector. An oil monitor is installed
at the base of the gearbox. An additional electric chip detector, installed
on the oil monitor, detects metal particle contamination from the APP clutch.
A plug-stat is installed on the oil monitor for the accessory gearbox oil
temperature system. A filter assembly is also installed.

1.3.7 CH-53 INTERMEDIATE GEARBOX

The CH-53 intermediate gearbox transmits torque from the tail drive shaft

to the pylon drive shaft, changing the angle of drive (see Figure 1L4).

It consists of an input housing and gear, center housing, and output :
housing and gear. The center housing has an oil level sight window, a i
filler plug, an electrical chip detector, and a plugstat. The gearbox is 1
splash lubricated and alr cooled.

1.3.8 CH~53 TAIL ROTOR GEARBOX

The CH-53 tail rotor gearbox has a configuration almost identical to
that of the CH-5l4 tail rotor gearbox.

1.k DATA BASE

The historical data base used for this analysis covers the 1969 - 1971
time frame. Many of the aircraft in the data sample saw action in
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Vietnam. Their gearboxes were subject to overtorque. As a result, generic
components such as gears and bearings were subjected to many more cycles
of high stress than they might ordinarily have been during peacetime
operation.

The CH-54 data consists of approximately 50,000 flight hours of CH-5LA
field data collected under Contract DAAJ01-68-C-0512, corresponding
Disassembly and Inspection Summaries which provide overhaul data, and
Sikorsky Field Representative's "Field Service Reports". CH-53 data con-
sists of field data reported by Sikorsky Field Representatives, Sikorsky
Field Representative's "Field Service Reports", and overhaul data for the
CH-53D between January 1969 and December 1971.

The CH-54 data had the benefit of on-the-spot engineering failure analysis.
The majority of the CH-53 data relied on field service findings of depot
maintenance. Such data could be misinterpreted since only the best engi-
neering judgement can be applied secondhand. Thus, it is possible that
inadvertent biases could have been injected even though every precaution
was taken to avoid them.




2.0 STUDY FINDINGS

With minor modifications, the gearboxes studied are suitable for "on-
condition". Improvements to the CH-53/5l4 gearboxes that enhance "on-condi-
tion" are discussed in Section 3.0. Current inspection techniques and
diagnostic devices are generally adequate in terms of detecting potential
safety~-of-flight and mission-aborting failure modes. A relatively few key
failure modes are significant in affecting gearbox reliability.

2 FAILURE MODE AND EFFECT ANALYSIS (FMEA) RESULTS

The worst effect of many gearbox failure modes which is possible consider-
ing the impact of maintenance inspections and diagnostics is a mission
reliability failure. Many failure modes that are potentially safety-of-
flight failures were recategorlized due to the beneficial impact of current
inspection techniques and diagnostics devices. Many of these are at worst
a mission reliability failure. However, field experience reveals that many
such failure modes often only result in dynamic component removals.

The FMEA was conducted, as explained in Section 1.2, to define drive system
failure modes. The effect on aircraft reliability performance, considering
the benefit of maintenance inspections and diagnostic systems, wes deter-
mined to properly allocate the failure modes that comprise the safety of
flight and mission reliability categories. Tables 2 through 9 contain the
most serious effects of drive system failure modes on aircraft reliasbility
performance.

Each of the tables indicates the worst effect of generlc component failure
modes for a particular gearbox. The term generic component indicates a
family of gearbox components, for example, spiral bevel gears. The reason
for introducing it is that much of the work of estimating hazard functions
is predicated on the premise that similar components have identical shapes
for their hazard functions. Strictly speaking, this is true only if the
applications in the service environment are similar.

Tables 2 through 9 were constructed by indicating the number of generic
components in each gearbox which have as their worst effect the category
of failure mode indicated by the column heading. The general criteria
used to evaluate each mode, as previously indicated, are given in Table 1.
Failure modes resulting in the loss of either main rotor power or tail
rotor power or all electrical and hydraulic power were categorized as
safety-of-flight failures. The criteria for safety-of-flight failure modes
employed in this study are somewhat more encompassing than those employed
in previously conducted FMEA's. Those failure modes which cause an
immediate forced landing but which do not result in injury to the crew or
catastrophic loss of the vehicle are not considered as serious as the term
safety of flight might imply. Failure modes which activate fault detection
systems, such as the chip detector system, were categorized as mission
reliability failures. The remaining gearbox failure modes that resulted in
gearbox removal were classified as a dynamic component removal failure.

Tables 2 through 9 should not be construed as indicating that many gearbox
failures are mission reliability failures. They do indicate, however,
that many drive system failures are no more severe than a mission abort.

33




I8aYs *3}osa)
3In3ovIg

IBIY SSI0XF
Suixeaug
Burreds

aan3o8ly %)

J83M S830XT
Jurreamg
Burtreds

aanj3ovay 9dev)

I89M SS30XT
Fuixeaug

JuyiTeds
aanjouvry 938D

KCETY

¥oBI) qBM
aIn3o8Id Y300%
Butgoog
Buryreds

183N SS20XF

}OBID Q9N
aani3oBId Yool
Butaoog
Burtreds

I8aM SSadXY

Jautejay Furaesg

Suty %207

Butasag
Z9TToy paxade],

Butaeag ISTTM

Suraeag 1Ted

surtdg

X839 JIndg

J830 TaAag Teatrdsg

SOPOW SINTIBY

Teaoway juauodwmo) OTwBuUAg

Jo Iaqumy

SIpOW IINTTBY

£ITTIQRTTSY UOTSSTN

Jo Iaqumy

SIPOW aINTTBJI

IYBTTI-Jo- £393%8g

Jo Jaqumy

9POW aaInTTBd

SIAOW FHOTIVL INANOAWOD OJIHANTD XOHMVID NIVW #S-HO "2 FIdvl

EGEDTT iG]
B3 £ 1 EY)



= - & ¥o8I) A1quassy 3381d

o1 - - yova) Sutsnoyg

- T T aanssaad TTQ MO dung aqng

S 8 = a¥Byea] 183§ 3JBUS

- n - (TBUX33UT)

e > - (Teuzsixz) Furyea Buty 0,

= 8Tl 4 95007 ny

o 9 - aamiydvag Butadg

- 89 = Burrrautag

- 89 - JBOM SS39XJ SIaTTod 3TUn

- 89 - ButTredg TeagAaaI ]

_ ¢ - saniovIy afey JTup

- S - IB3M SSa0Xy EC L LEET EY u....

- € - aamnj3oea] q8ag Jutadg e 3TUn

- € - JeoM auttde Taagaaaxlg

- 6$ - XBIM SS3OXT daysey JETLILL

JuawadreTuy

T = - 9TOH aIBNbg

= € = TeaM suiTds

i £ = Buryova)

T e Z aamiloerg 1J8Us

2 - T oBID af3ueTyg

S3PON SINTIBL S8pOW aLnTTBd SIPON SIMTTBL SPON aLnTTBJ juauoduo)
TeAOWaY 3juauodwmo) o1urBuig £3ITIQBTITAY UOTISSTH IYB1TI-Jo- £3938g OTJIUIH

Jo Jaquny Jo Ia3qumy Jo Jaqumy

(pSnuIiu0)) SHAOW FUNTIVY INANOJWOOD OINENID XOGHVEAD NIVW 4G-HD °2 TI4VL



N

[ B B ] [QVRNo R N a Vo]

mMmmnm g

¥oBI)

amssaxg nding oN
3IN3IBIL
aanj3oery
JBayg

adeiBa]
sfexea]

25007

IB3M

IBaM SSI0XF
Futasaug
Burrreds
aanj3oBId 3%s)
JIBIM SSaOXY
Buixsauwg
BurtTedg
aImi3osIy ads)
yoBID

sxngoeId Y3oo],

Fuiaoog

Furtreds
JB9M SSa0Xx3

Buisnoy

dmmd 110

Buty dsug
Tautesay drTd
s37od 3JFeyg JB3)
s3uty 0,

sTeag dr]

sany

aurtdg

JZ9TToY pagade],

Butaeag JII3TTOH

T899 Taasg T[BATdS

SODPOW aINT1TI8j
Teaoway 3jusauodwo) >TWBULQJ
JOo zequmy

SoPON odN[ 184
A3TTTQBITOY UOISSTH
3o gsqumy

SIQOW FUNTIVY LNANOJWOD OIHINED XO€HVID JLVICIWHALNI tS5-HO

SOpOR osan{1i8d
Y31 TI-3o-£3838S
Jo Iaqumy

9PO| |JnTTey

*€ TTEVL

Fuauoduo]
d1I2uUan

36



[ e N | NS [ N M |

NN

o)

Burilsag
afeyea]
adeBY]

38007
}oBJID
Fo-ETY
aanjoexd

IBaM SS90XY
Furaeaug
BuryTeds

axnjosad 838)

JIB3M SS39XT
Jutxsamg

Burireds
axnjosay afe)

JIBaM SS30XT
Butaeaug

Burrreds
axnjowva] ads)

}ora)
aanqovad Y3jooJ,
Futaoodg
Butreds

JIB3M SE3IXF

Juysnoy

@A001p
UOTIWIOITIUY 3JBYS
TOI3U0) Yo3Td
steag d1]

dutd ,0,

N

IJeus

surtds

Jautrelay Jurasag

Butasag JI9TTOY

Butasag

J9TTOY poaaadsy],

Jurasag TTed

J8ap Taasg TeaIdg

Sapol aJInTTe4
TeAcuay ausauodwo) O Tweulg
Jo Jaqumy

SIPOY AInTIvd
£3TTTQRITAY UOTSEIW
JO IXaqumy

S8pO aaniTed
IYB1TA~Jo-£33J8g
JO Jaqumpy

SpO aaInTTBS

STAOW FINTIVA ININOJWOD OIYANID XOHHVED HOIOH TIVLI 7S—HO “f TIAVL

quauoduo)
91I3uU3n

37



(141 o~ m ~

[QURQVIR eV AT

poJIBayg
Burijzaxg surrdg

afeyea]
adexsory
sanioeay
395007
IBaM

IBOM SS89XT
Jurreawg
Burrreds

2an308I4 8%8)

IBaM SSadXy
Juixsaug
Burtreds

aamioeay ads)

I8aM SS30xT
Buiasaug

Buiireds
aan3oBI] 838D

}o8ID
aIn3oBIg Y00
Butaoog
Burrredg

IBIM SSaOXg

HoBID

2IN308I4 Y300],
Butaoog
Burireds

JIB9M S830X7

T NPT e & AT

JI9ATIq ASTIng
(33%4S sATxq) aBusTy

sTe3s uny ,,0,
T8sS 3I8YS
loute3ay Juraeayg
my

surtdg

Butaeag

9110y paxade]

Butasag J9TTOH

Butaeag Tled

839 andg

Je3y Taaeg Tea1dg

SIpOR SN 184
T8Acuway juauodwo) oruweulg
Jo Jaqumy

Sapop IJINTIBL
£31T198ITaY UOTSSIN
JO xaqumy

SIPOR SaInTivY
PR A E gl Al CER T
Jo Jaquny

SPO SanTreq

SZAOW FYNTIVA ININOJWOD OIMANID XO€YVID ISON £6-HO °S FIEVL

quauodmoy
oT1I3UIn

e

38



[aV]

(oY) S 332

o NN N

~ o~

1

-autdus ay3 JO IpIS 3JOT 2Y3 woay Fuijeurdiio a1qed paads augdua

Buryovad
Fuytyyaxy BuITds

98007

IBIM SS30XY
Fuireaug

BurTTeds
2anyo8I 838D
IB3M
Furyoeva)

2an3o8I] Y300
JutI0dg
Surrreds

TBaM sSSa0XF

JusuadxeTuld
FudIo1d

JuamBIBTUIT
BuidBo1)

WoBI)
noTd A0

Furyosa)
Buriizead durtds

quamadreTuld

IBaM

U3 Y3TA 979w 03 JJOaym3 SuIioej 3JaT B 01 JJooyel 9[qed paads Supoey-4uda
ay3 sfusyo 03 X0qJead Iscu 3JST Y3 O3 PIPP8 SBM IS Juod Taaaq TBUOILLIPPE UVg

3Jeys TLI0

N

Furasag JITIOd pagadeg

surtdg

Ie3n Taseg TeaTdg

aqn Iaqn]

s3ar 110

Fuisnoy

dmg aqn]

3Jeys TIIMY
ammixady axenbg

£aTIng wed

SapO} 2aINTTBA
Teaomay 3usuodmo) dTwWsUAQ
o0 <RGuUnNy

SapOj 9JnITBed
£31T1qBIT9Y UOTSSIH
Jo J3qumy

SapO aJnTTIBd
IUBT T4~ JO- £33J8S
JO Jaqumy

9pOW SanTIed

(PonuT3lu0)) SIAAOW FMATIVA ININOJWOD DIMANZO XOHdMVAD FSON €6-HO °S HTEVL

auauodmo)
g TIau3)

39



n o
LAV

o
N

- A
LR YR

VYOV Nnm

JI89M SS90XT
JIBaYg *}oBI)
JBaM

I83M S590XT
Jutaeaug
Buyryredg

3anj3o8Iy 838)

IBaM SS8oxd
Buixsamg
Buiireds

aan3ovxy 83B)

SurgTauUTAg
I839M SSadXy
Furreaug
Burrreds
aanijosxy adw)

}oBID
8iIn3oBvId U300
Juraoog
BuriTeds

IBaM SSIOXY

}oBID
2an3081d Y3zo0]
Buixoog
Burreds

JB3M S5530Xq

X3ysey 3snayg

13ureqay Juiaesg

auttdg

Suiaeag IITIOY pazade],

Furaeayg I2TTOH

Butxeaqg TT®d

J8an Jndg

Te3n T2asg TeLI1dg

S3POW 3INTTRL

TeACmaY 3uauodwo) O Tweul]

Jo Zaqumy

S3pON 2aNTIBL

A1TTTIQRTITAY UOTSSTW

Jo Jaquny

SOPON 2INTTBJ

IYITTI-Jo- £3978g

J0 Jaqumy

SPOW SanITBL

SIAOW TINTIVA LNANOWOD OIYANID XOHdVID NIVW £S~HO °9 TI4VL

juauodumo)
o1I9uUan

40



41

= T - 3507 aanssaad 110 dung aqu]

- = 2 ¥oBID ATquassy 238T1d

k4 e 3 1o8ID Fuisnoy

= € 2 amm3ourd 3Jeys

" - - aanjosxd Buiadg

- 2 - am3oeLy

- 2 - JBaM SS0XY a8e) nMJ

= we = Burrrautag

- 72 - J83M SSaOXF

= 12 = BurrTedg SI3TT0d M

= 4 - p LR ] FuTSnoH NMJ

= € 1 NoBID aBuetd

T 8 - sFeyuwa] T®aS 3JBYS

. n - (Teuxajul)

- ne = (Teuxayxg) s8eiea] 8ury ,0,

SOPON IJINTIBY SIPOW BINTTIBA SIPON INTT8S SPO) SanTIv L jusuodmo)
TeAcway 3juauodwmo) TWeRUAQ A3TTTIQBITAY UOTSSTH IYBITI-Fo-£33388 OTIauan

30 Jaquny Jo Iaquny Jo Jaqumy

(P3nUTIUC)) SACOW TUNTIVA INANOJWOD OIHANED XOHUVID NIVH €6-HO 9 TIGVL



S o

aanjoeag
TeaM

san3o8ag
I83M SSI0XH

Jurrautag
JBOM SSIIXY
Burrreds

afeyea] TBUIalXY

adeyea]

aanj3o08Ly

98007
JBaM

JIB3M SSaoxyg
Jutrevaug
Butrrredg

aanjovxy ade)

X8aM SS80XT
Futreaug
Buriredg

aamjoray a#ev)

}ovaD
aIn3o8Id Yioog
Butaodg
AurTeds

I83M §S3IXY7

Butadg

JaYseM 3ISnJayl
a%e) NMd
I3TT0Y nMd
Buty 0.,

Te3s 110 IIBUS
Futy Woo7

N

surgds

Butaeag I3TTOH

Buyxeag 1Teg

I83H Jndg

S3pOW 2anTTeRd

TBAOWaY juauocdmo) dTureulg

Jo Jaqumy

SIpOy sanTIvd

A3TTTQBTTOY UOISSTW

JO JI3qumy

SITON FUNTIVA INANOJWOD OIHANID XO€MVID XHOSSIOOV E€S~HO L JTAVL

S3apoy Ianyred
I 1Td-Jo-£333eg
Jo xasquny

3POW aInTTBA

quauoduwo)
FR&E1 T

42



- 2 - HoBI) Jursnoy
- € - JuswadIeTU
= € = BurdFod 390 TT0
= T - aamssaag Mo dung agng
- T = JuTyosa Weys
SIPOW oauTlBA S3POW SJnTIBA S9PON aInNTIBL SPOW aanTI8d ausuodmo)
TeAOmay juduodmo) OdTweuAg £3TT1qBIT3Y UOTSSTH IYBTTI-Jo-£3338S d1a3uln
Jo zaqumy Jo xaqumy JO xoqumy

(panuIjlu0)) SHAOW FUMNIIVA ININOJWOD JIHINAD XOH¥VID XHOSSIOIV

eS-HD L TI4VL

43



g3 !

NN

paxoBdI)
3388
afeBl
25001

JBapy SSIOXF

IBapM SSAIXI
FUuTIBIWS
furreds

saniosag 938D

RoBID
aam3oead YIOOL
FutIOOS
gurrreds

JeoM SS30XH

BulsnoH
steeg 411
s3utyd ,0u

InN

autTds

Fuaead X9TIOH pagade],

Jesp ToAed TeX1ds

sapcp SAnTTEL

Teaoway quauodwo) stueuid

Jo Jaqumy

sapOj 2INTT8d

A3TTIQRTT2Y UOTSSTH

Jo Iaqumy

SAAON TUNTIVA ININOAWOD OTHANED XOSIVID FLV IAENIEINT €¢-HO ‘g FEAVL

sapo 2aNTIBd

149114 ~-30-K1238S

JO Jaquny

SpOW IMTTBd

auauodwo)d
2TIOUSD

44



= - }oBID Buisnoy
= - Juiliagd BA00IH UOTIBIOITIUY
HBUS TOIIUO) UDIT4
= € a3eywa] steag dr1
- 8 a9ByEBa] Buty ,,0,,
ctl c 8s8007] N
- = ¥ova) 348YsS
- - By-ETY sutdsg
- - 8an30B8Ig JI9uTBl8y Jurasaeg
- T JIBSM SSIaOXY
- 1 Juirssmg
- T Burrredg
= - aanjoBId 838D fButrasag asTTOY
v
- q IBaM SS230XT &
= q Butrsawg
- L Sutrreds Butaeag
- 2 aanjorvxy ade) JaTT0Y patadsy
= T JIB3M SS99Xg
- 1 Sutreaug
- T Burrredg
- - 3Inj3oB8I 8%¥8) Jutasag TTBL
- - ¥oBJID
= 2 2an308Id Y3o0]
- FA Butraoog
- e Burrreds
- 2 JI89M SSaoXy dua Taasg Telpdg
Sapoy aanTIisg SSPOR oINTIBAL SapPOR aInTIBL SpOW 3INTIBYJ Juauodao g
Teaowsy jusuodmo) Orweulq £3TTIGBITAY UOTISSTH IYBTTI-Jo-£33J83 apdaualn

JO Jaqumy 30 asqumy JO Jaqumy

SHAOW THNTIIVA LNINOJIWOO. DIHANAD XO€HVID HOLOY TIVI £S-HO 6 ATAVL



The fact that many gearbox failures are not mission aborts can be seen
from Table 10. Table 10 indicates the percentage of observed dynamic compo-
nent removals that were also mission aborts. The term dynamic component
removals now includes those failure removals which just resulted in gear-
box replacement and those which also resulted in a mission abort. The
fact that most gearbox failures do not result in mission aborts indicates
the way in which gearbox failure modes propagate. Many failure modes do
not suddenly cause catastrophic failure. Bearing spalling, for example,
begins as a subsurface crack, which propagates to the surface, causing a
small pit. The pits begin to grow in size and in number to where many
chips are generated and bearing performance is seriously compromised. The
entire process from when chips are first detected to when the gearbox is
finally removed can take many missions. In fact, at least one additional
hour of gearbox operation is advised by the CH-54 mainteneance manual? for
most cases where the serviceability of a gearbox is doubted due to metal
contamination.

20rganizatiorial Maintenance Manual, Army Model CH-54B Helicopter, T™M 55-
1520-217-20-2-1, Headquarters, Department of the Army, 16 April 1973.




TABLE 10, RELATIVE MISSION RELIABILITY OCCURRENCES

Mission Abort Percentage

Aircraft Gearbox of Dynamic Jomponent Removals
CH-53 Main Gearbox 23

Nose Gearbox 9

Accessory Gearbox 2

Intermediate Gearbox 17

Tail Rotor Gearbox 3
CH-5k Main Gearbox 16

Intermediate Gearbox i

Tail Rotor Gearbox o

8No mission aborts were recorded in data sample.
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2.2 INSPECTION EFFECTIVENESS

The potential effects of many gearbox failure modes are not realized due

to the early warning of inspections and diagnostic devices. Tables 11 and
12 summarize the aims, benefits and shortcomings of CH-53 and CH-5.
transmission system maintenance inspections and fault detection/warning
systems. The CH-53 and CH--54 generally have comparable types of inspection
techniques and fault detection/warning systems.

Current inspections and fault detection/warning systems can detect most
commonly experienced failures. They can provide a warning for many
failure modes which could progress to a potential safety of flight mal-
function if they were allowed to degrade for a sufficiently long time.
This study has generally assumed that when ample notice of a potential
safety-of-flight malfunction is provided by an inspection or fault warning
device, recategorization is Justified. Examples of this are wear and
spalling failures of critical bearings, such as the main thrust bearings
(see Figure 2), that are detected by the chip detector to prevent their
complete failure; or fretting wear of the pitch change control rod anti-
rotation groove that is detected by oil analysis to prevent its complete
failure.

Table 13 summarizes the potential safety-of-flight malfunctions that are
not detected by current inspections or fault warning systems. These
failure modes exhibit virtually a constant hazard function for each of the
CH-53/5kU gearboxes (see Section 2.4 for a complete discussion of safety-of-
flight hazard functions and generic failure modes that comprise the safety-
of-flight category). Table 14 summarizes the highest contribution of
increasing hazard function failure modes to each gearbox's safety-of-flight
hazard function. Generally, the hazard functions of major items can be
more effectively reduced by the design improvements recommended in Section
3.1 than by developing a fault warning system. On this basis, current
inspections and fault warning systems are adequate for implementing an
on-condition maintenance policy.

2.3 EXPERIENCE FAILURE MODE HAZARD FUNCTION

Hazard functions of failure modes with experience data indicate that only
a few failure modes would significantly increase if gearboxes were main-

tained on-condition. Their behavior shows how previous design procedures
influenced current gearbox failure modes. They indicate whether current

reliability problems reflect design problems and quality control problems
or are things that are inherent in the generic component's application.

Three estimates of the hazard function are plotted for each failure mode
as follows: (1) the upper 98% confidence limit, denoted on the plot
legend as "HU98"; (2) the maximum likelihood estimate, denoted on the
plot legend as "HMLE"; (3) the lower 98% confidence 1imit, denoted on
the plot legend as "HL98". The confidence limits apply to the entire
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TABLE 13. MALFUNCTIONS NOT DETECTED BY CURRENT
MAINTENANCE INSPECTIONS AND FAULT
WARNING SYSTEMS

Generic Component(s) Failure Mode
Spiral Bevel Gear, Spur Gear Web/Shaft Fracture
Ball Bearing, Roller Bearing, a
Tapered Roller Bearing Cage Fracture
Shaf't Fracture

Internal Gearbox Housing Fracture

Grease Lubricated Splines Wear, Fretting
Nuts Looseb

Bearing Retainer Fracture

Upper/Lower Planetary
Plate Assermbly Fracture

Mounting Lug or Flange Fracture®

%Fault detection sensors warn of impending cage fracture from lubrication
failure or secondary damage from metal contamination.

bCh:lp detector indicates secondary damage.

®Fine cracks or those cracks which occur between airframe and gearbox
mounting may not be visually detected.
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TABLE 14. SIGNIFICANT POTENTIAL SAFETY-
OF-FLIGHT FAILURE MODES

Generic Component Percentage Contribution b
Alrcraft Gearbox Failure Mode? to Gearbox Hazard Function
CH-54 Main Spline Fretting,
Wear 67
Intermediate Spline Fretting,
Wear 15
Nuts Loose 8
Housing Crack 1l
Tail Rotor Spline Fretting,
Wear L6
Housing Crack 41
CH-53 Main Spline Fretting,
Wear 12
Housing Crack b
Intermediate Housing Crack 1
Spline Fretting,
Wear 84
Tall Rotor Housing Crack 25
Spline Fretting,
Wear Lo

§ a'Only failure modes with increasing hazard functions are listed.

bAt 5000 hours.
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hazard function, not just to the shape and size parameters. As a result,
the statistical significance associated with a hazard function should not
be construed as indicating the statistical significance associated with
the size and shape parameters of the Weibull distribution.

Representative hazard function plots are shown in the following section.
2.3.1 BEARINGS

Bearings in this study were divided into three generic types: (1) ball
bearings, (2) cylindrical roller bearings, and (3) tapered roller bearings.
The failure modes predicted for each bearing were cage fracture, smearing,
pitting or spalling, and excessive wear. Pitting and spalling failures
usually originate as subsurface cracks, which result from Hertzian stresses
that occur between the rolling elements and the inner race. These propagate
to the surface and form pits. Excess wear represents surface damage
resulting either from intermittent skidding of the rolling elements or from
abrasion caused by foreign particles present in the 0il. Smearing usually
results from the lubricant being unable to sustain a film, which causes an
alternating welding and tearing of the rolling elements.

Figures 15 through 19 show some hazard function of CH-53/54 bearing failures
that have been experienced. Figure 15 is the hazard function for cage
fracture failures that were experienced by the CH-53 nose gearbox's main
thrust bearings (see Figure 5). The shape of the hazard function suggests
that the cage is subject to fatigue. Usually cages are overdesigned in
terms of stresses that are applied in normal operation. As a result,
infinite life and constant hazard functions are expected. However, failures
of the outer race bearing retainer, the bearing retention nut, and its lock-
nut that were experienced on other occasions by the nose gearbox suggest
other fallure mechanisms may be responsible. While the data indicates that
fracture of machined cages were responsible for gearbox failure, it is
suspected that either debris from inner race rotation or machining of the
cage by the outer race bearing retainer is the true failure mechanism.

Figures 16 through 18 show the hazard functions for pitting and spalling
failures. They clearly represent different failure mechanisms. The shape
of the hazard function shown in Figure 16 is what should be expected when
quality control and lubrication are adequate for AISI 52100 bearings. This
result is confirmed by the hazard function of the CH-54 intermediate gearbox
tapered roller bearings for spalling failures (B = 1.21) and by testing

done outside of Sikorsky, such as by Chevalier et al.3

3Chevalier, J. L., Zaretsky, E. V., Parker, R. J., "A New Criterion for

Predicting Rolling Element Fatigue Lives of Through Hardened Steels",
Journal of Lubrication Technology, July 1973.
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The shape of the hazard function shown in Figure 17 is indicative of a
quality control problem. While the exact mechanism could not be determined
from the data, the fact that the problem area can be defined is useful if
product improvement is desired.

Figure 18 is indicative of spalling failures that result from minimal
lubrication. Similar results were observed for CH-53 intermediate gearbox
tapered roller bearings. The major problem shown in Figure 18 is attribut-
able to marginal lubrication of the planetary roller bearings. The bearings
operate at temperatures much higher than are generally recommended for
AISI 52100 steel bearings. The high operating temperatures cause a reduc-
tion in the material hardness, which in turn eggravates spalling. The
effect of operating temperature on 52100's hardness is well documented

by Chevlier et al. As a result, Figure 18 shows that either a better
lubrication method or a material capable of operating higher temperatures
is needed.

Figures 16 and 18 demonstrate that even when bearings are made from the
same materials and processes, the specific application must be evaluated
before estimating hazard function parameters.

Figure 19 is representative of the few smearing failures that have been
experienced. As can be seen from Figure 19, B's are typically close to
unity for this mode, while the ©'s are larger than those for spalling.
While the data did not allow identification of the specific mechanism, it
is suspected that they are related to lubrication problems known to exist
for input tapered roller beering.

None of the failure modes discussed affect safety-of-flight. As a result,
no corrective action is essential to implement on-condition maintenance.
However, corrective action is desirable to improve product reliability for
the failure modes shown in Figure 18. Corrective action was taken for the
failure modes depicted in Figures 15 and 19 during the design of RH-53D
helicopter. Section 3 will further discuss what corrective action is
desirable for implementing on-condition maintenance.

2.3.2 GEARS

Relatively few failures of gears have resulted in there being no significant
hazard functions for thos CH-53/54 generic modes with experience data.

Tooth wear and tooth fracture were the only failure modes recorded in this
study's data bank.

Figures 20 and 21 are hazard functions for wear failures that were observed
on accessory gearbox spur gears and nose gearbox spiral bevel gears. While
they represent hazard functions of different types of gears, it is inter-
esting to note that both have approximately the same shape. The fact

that both hazard functions are increasing is indicative of cumulative sur-
face damage. Many wear mechanisms could be responsible, such as corrosion,
abrasion, adhesion, and delamination. Without examining the gears, it is

USuh, N. P., "The Delamination Theory of Wear', WEAR, Volume 25, 1973,
pp. 111 - 124,
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not possible to determine which mechanisms might be responsible. However,
foreign particle abrasions and normal sliding that occurs when gear teeth
mesh are likely candidates. The amount of surface wear from abrasion
depends on the relative hardness of materials involved and the rate of
buildup. The amount of material removed by sliding is a function of the
normal loads, the sliding distance, and the surface hardness. Either of
these mechanisms could result in comparable hazard function shapes. As a
result, the significance of a common shape for the hazard functions is not
known. Nevertheless, wear is seen to be a very high time failure mode by
the values of "theta". Certainly these failure modes can be tolerated since
they do not affect safety-of-flight.

Figure 22 is the only CH-53/54 spiral bevel gear or spur gear hazard
function for tooth fracture or pitting that is increasing. All Sikorsky
gears are designed for infinite life by AGMA methods.’s 6, 7, 8, 9, 10
Figure 23, which is typical of tooth fracture hazard functions, seems to
confirm this result. The fact that "theta" is greater than 10,000 hours,
which is equivalent to about 1010 cycles, indicates that damage is not
incurred every cycle since steel's S/N curve is generally flat after 107
cycles.ll As a result, it is suspected that damage cycles are the result
of transient loads that mey exist on the gear shaft from time to time. This
case shows why it is important to know the dynamic response of the drive
train and the stress distribution of gear tooth loads. No life limit is
needed because safety of flight is not affected, nor does the hazard
function significantly affect the nose gearbox hazard function.

> "Design Procedure for Aircraft Engine and Power Take-Off Bevel Gears",
AGMA Standard 431.02, March 196kL.
6 "Design Procedure for Aircraft Engine and Power Take-Off Spur and
Helical Gears", AGMA Standard 411.02, September 1966.
T "Surface Durability (Pitting) of Spur Gear Teeth", AGMA Standard 210.02,
January 1965.
8 "Surface Durability (Pitting) Formulas for Spiral Bevel Gear Teeth",
AGMA Standard 216.01, January 196k.
9 "Rating Strength of Spur Gear Teeth", AGMA Standard 220.02, August 1966.
s "Rating the Strength of Spiral Bevel Gear Teeth", AGMA Standard 223.01,
January 1964.
11

AGMA Standard 411.02's life factors infer that the S/N _curve has the
same shape slope after 107 cycles as it does before 107 cycles for spur
gears. However, AGMA Standard 431.02 indicates the S/N curve is flat
after 107 cycles for spiral bevel gears. Why one curve has a knee and
the other does not is not clear.
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2.3.3 SPLINES

All spline failures that have been recorded in this study's data bank were
of grease lubricated splines. Most of the problems result from the grease
not being retained. When grease is lost, fretting causes the spline to wear
rapidly. Eventually spline teeth will shear. Figure 24 shows the impact
of this failure mechanism on the hazard function of CH-53 accessory gearbox
spline couplings.

All spline couplings that have potential safety-of-flight failures are
firmly held together with retention nuts so that relative motion is mini-
mized, Furthermore, these shafts rotate at low rpm's so that the effect
of grease moving away from mating surfaces due to centrifugal force is
minimized. As a result, it is not surprising to find that no failures of
these splines have occurred in over 660,000 flight hours of combined CH-53/
54 experience.

Even though the failure modes of Figure 24 do not affect safety of flight,
product improvement is desirable. Spline improvements will be discussed
in Section 3 of this report.

2.3.4 NUTS

Locking assembly failures are usually expected to have a constant hazard
function, Exceptions are when the shaft vibration causes the locking
assembly to wear and the nut to subsequently back off, or when the shaft
experiences a transient loading that causes the locking device to shear
and the nut to subsequently back off. The hazard functions shown in
Figures 25 and 26 are for locking assemblies which consist of a nut and a
serrated washer with tangs that fit into slots on the nut. Serrations on
the shaft and washer restrict the nut from backing off. Tangs insure
synchronization of nut and lock washer movement. Most of the failures
that were observed were caused by wear of the shaft serrations. The
others were caused by fracture of the lockwasher. While these hazard
functions do not significantly affect either gearbox hazard function,
improvements can be made (See Section 3).

2.3.5 HOUSINGS

Housing crack hazard functions have generally been found to be increasing.
Most failures were observed in the mounting lugs or bolt holes where the
loads are the most concentrated. The other failures were primarily caused
by housing corrosion. The CH-53 tail rotor gearbox's hazard function,

vhich is shown in Figure 27, is the most significant one for housing cracks.
Generally, most gearbox mountings are sufficiently redundant to permit loss
of one load path from a fracture so that safety of flight is not adversely
affected. Nevertheless, product improvement is desirable for implementing
on-condition maintenance.
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2.3.6 PUMPS

Pump hezard functions reflect infant mortality failures. The pumps used
in the CH-53/5k4 gearboxes are four-bladed vane axial positive-displacement
pumps. They are usually driven by a quill shaft. This type of pump has
virtually no wearout failure modes that cause loss of oil pressure. The
only parts that might exhibit wearout failure modes are internal support
bearings and a positioning spring. However, due to the light loading of
internal support bearings, there are no significantly increasing hazard
functions. As a result, it is not surprising to see the pump hazard func-
tion shown in Figure 28 reflecting infant mortality failure modes.

2.3.7 FREEWHEEL UNITS

Conventional freewheel units (FWU's) possess failure modes similar to

those of bearings, even though their operation is quite different. Their
hazard functions generally reflect damage incurred during the time when

they are overrunning, even though the actuel failure may occur during direct
coupling operation. Lubrication must be supplied adequately during over-
running and direct coupling operation. Figure 29 shows the impact of
gravity oil feed to the lower members during the time when the FWU is over-
running. Clearly, product improvement is desirable to reduce the impact

of this failure mode on the CH-54 main gearbox's dynamic component hazard
function. FWU improvements are discussed in Section 3 of this report.

When adequate lubrication is supplied to FWU rollers during all phases of
operation, their hazard functions are similar to those of beerings. A
comparison of Figure 30 and Figure 16 illustrates this point.

2.3.8 SEALS

Most seal failure observed on the CH-53/5L4 are repaired by seal replace-
ment rather than gearbox removal. The hazard functions shown in Figures 31
through 33 are only for those seal failures that resulted in gearbox
removal. These failures include those where seal replacement could not
stop excessive leakage due to impressions left on the shaft by the oil seal
or those which failed in flight and caused secondary failures to the
gearbox, Examples of the latter are failures that are caused by seal blow-
outs in flight or excessive external foreign particle contamination that
severely damages the seal and internal gearbox components. A complete
discussion of seal failure mechanisms, including those which can be repaired
by seal replacement is contained in the "Design Guide For Helicopter
Transmission Seals".l?

12Hayden, T. S., and Keller, C. H, Jr., "Design Guide For Helicopter
Transmission Seals", NASA Contractor Report CR 120997, NASA Lewis
Research Center, National Aeronautics and Space Administration.
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Two types of seals are employed in CH-53/54 gearboxes. Figures 31 and 32
primarily show the hazard functions of face seals used on high speed shafts.
Figure 33 is a typical hazard function for lip seals. The fact that hazard
functions in Figures 31 and 32 have significantly different shapes could be
due to the distortion created by the effect of seals being replaced in lieu
of a gearbox being removed when seal failures occur. No attempt was mede to
track operating times of individual seals that were replaced. Figures 31
through 33 only reflect high time failure modes. Failures caused by damage
to the seal on installation or to the gearbox as a result of an improper
installation generally result in a decreasing hazard function (infant
mortality failure mode). While Figures 32 and 33 indicate that product im-
provements are desirable, none are foreseen that would radically alter the
shape of the hazard function. Recommended seal design practices that
enhance vn-condition maintenance are contained in the "Design Guide For
Helicopter Transmission Seals."

2.3.9 CLIPS AND BEARING RETAINERS

Hazard function behavior for clips and bearing retainers is similar to that
for locking assemblies discussed in Section 2.3.4. Figure 34 is a typleal
hazard function for retainers which fail from occasional transient loadings
that appear on a shaft. However, Figure 35 shows the impact of wear on
CH-53 main gearbox sun gear clips. These clips restrain axial movement of
the sun gear with respect to the main bevel gear shaft (see Figure 9).
Shaft vibration causes the end of the clip to wear from rubbing against the
main bevel gear shaft. While sun gear clip failures do not affect safety-
of-flight, and contribute, at most, only 13% to the main gearbox's removal
rate, improvements can be made to reduce clip wear (see Section 3).

2.3.10 BUSHINGS AND PITCH CHANGE CONTROL ROD ANTIROTATION GROOVES

Bushings and the pitch change control rod antirotation groove are inter-
facial hardware between the drive and flight control systems of the CH-53/
54 tail rotor gearbox. Those components have wear failure modes resulting
from the relative linear motion between the pitch change control rod and
the output drive shaft. Hazard function shapes of these two are not ex-
pected to be the same since different materials are involved. The anti-
rotation groove involves steel rubbing against oil lubricated titanium, and
“he bushing involves titanium rubbing against oil lubricated bronze.
Figures 36 and 37 are resultant hazard functions. The significant increase
by the antirotation groove's hazard function indicates that improvement 1is
desirable. '

The failure modes of Figures 36 and 37 were detected by oil analysis
(Spectrum 0il Analysis Procedure). As a result, they are as valid as the
test and criteria allow. Differences in criteria for rejection can lead to
differences in what is called a failure. This point is clearly illustrated
by comparing Figures 37 and 38, which reflect the difference between
Sikorsky and service procedures. Furthermore, they illustrate why good
working thresholds must be established for a SOAP program.
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2.k GEARBOX RELIABILITY

Before discussing hazard functions of CH-53/54 gearboxes, their reliability
will be presented in more conventional terms. This is done not only to
permit reliability to be expressed in more familiar terms, but also to allow
comparison of CH-53/54 gearboxes with others. Table 15 summarizes each
gearbox's reliability by its 99% confidence interval and observed value for
the mean time between dynamic component removals for material failures.
Both estimates reflect the time on failed components as well as the time

on surviving ones. They assume tha% reliability is defined by the expo-
nential distribution of the form e-B' .

The number of safety-of-flight malfunctions observed in CH-53/54 experience
indicate the practicality of on-condition maintenance. In 445,000 flight
hours, no safety of flight malfunctions were attributable to material
failures of the H-53 drive train gearboxes. In 208,000 flight hours, only
two safety-of-flight malfunctions occurred for which H-54 drive train mal-
functions were a contributing factor. The fact that CH-53/54 experience
includes aircraft that flew in Vietnam where situations required overtorque
operation makes the above record more impressive.

2.4.1 GEARBOX HAZARD FUNCTIONS

Section 2.3 discussed how previous design practices impacted generic
component hazard functions of CH-53/54 gearboxes. A feel for which failure
modes are significant was developed. In this section, these results will
be summarized to indicate where product improvement is necessary to imple-
ment an on-condition maintenance policy and where it is desirable to further
enhance on-condition maintenance. Areas that are targeted for improvement
will be those which have significantly increasing hazard functions. Failure
modes with no experience data will be included to provide a complete
accounting of failure modes that might occur if gearbox TBO's were

extended from their values listed in Table 16 to 5000 hours. Hazard func-
tions of fallure modes with no experience data were estimated by methods
described in Appendix A.

Very few failure modes have a significantly increasing hazard function.
Figures 39 through 46 show the dynamic component removal hazard functions
for CH-53/54 gearboxes. Table 17 shows the failure modes which signifi-
cantly affect each hazard function at 5000 hours. This table shows that
generally three failure modes account for more than T5% of the failure rate
at 5000 hours. In all cases, there is one failure mode that is responsible
for about 50% of the failure rate at 5000 hours. With the exception of the
CH-53 nose gearbox, the significant contributors are failure modes with
experience data. This indicates that most failure modes which would affect.

a decision for on-condition maintenance are currently known.

The CH-53 nose gearbox spur gear hazard function for excess wear was
estimated from gearboxes that survived to the scheduled TBO which had parts
removed at overhaul that indicated failure was possible before their next
scheduled overhaul. Such failure modes, as discussed in Appendix A, are
incipient failure modes. Admittedly, engineering judgement had to be used
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TABLE 15.

MEAN TIME BETWEEN

DYNAMIC COMPONENT REMOVAL

FAILURES SUMMARY

99% Confidence Interval

Observed Mean

Aircraft Gearbox (Hours) (Hours)
CH=53 Main Gearbox 504 - 1hbb 820
Nose Gearbox 2531 - 5494 3646
Accessory Gearbox 947 - 2093 1376
Intermediate Gearbox 1219 - 3297 1932
Tail Rotor Gearbox 1215 - 3409 1957
CH-5k Main Gearbox T4 - 1513 1018
Intermediate Gearbox 962 - 2700 1550
Tail Rotor Gearbox 19k2 - 11188 4156
TABLE 16. CURRENT CH-53/5L4 GEARBOX TBO's
Aircraft Gearbox TBO (Hours)
CH-54 Main Gearbox 800
Intermediate Gearbox® On~Condition
Tail Rotor Gearbox 1200
CH-53 Main Gearbox 2000
Intermediate Gearbox 2000
Tail Rotor Gearbox 2000
f Nose Gearbox 2000
Accessory Gearbox 2000

8When instelled on CH-SMA aircraft, the intermediate gearbox is operated

on=-condition.

1200 hovrs.
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TABLE 17. SIGNIFICANT DYNAMIC COMPONENT
REMOVAL FAILURE MODES

Percentage Contribution

Aircraft Gearbox Generic Failure Mode to Gearbox Hazard Function®
CH-54 Main FWU Roller Excess Wear 60
FWU Cage Fracture 10
Shaft Seal Leakage 10
Thrust Washer Excess Wear 5
Intermediate Lip Seal Leskage 46
| Housing Cracks L6
Tail Rotor Bushing Excess Wear 9
Housing Cracks 35
Antirotation
Groove Wear Lo
CH-53 Main Roller Bearing Spalling T0
Clip Excess Wear p)
Ball Bearing Excess Wear 10
Intermediate Tapered Roller Bearing 50
Spalling 25
Tail Rotor Housing Crack 30
Antirotation Groove Wear 25
Bushing 48
Nose Spur Gear Excess Wear 85
Accessory Spline Wear, Fretting 90

87t 5000 Hours.
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Figure 39. CH-53 Main Gearbox Dynamic Component
Removal Hazard Function.
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to distinguish between parts where subsequent failure is likely. Results
could be very conservative. In fact, it is possible that parts deemed to
have incipient failures could have continued to the next scheduled overhaul
without any failure. Nevertheless, improvements can be made to substan-
tially reduce this failure mode's impact if the gearbox were placed on-
condition. Certainly, this is an area that should be monitored to see the
impact of TBO extension.

Table 18 summarizes the generic ccmponent failure mode hazard functions
that comprise each gearbox's dynamic component removal hazard function.
Each hazard function is described by its shape and size parameters, B andég .
Failure modes that are significant generally have shape parameters greater
than one and size parameters in the thousands of hours.

Failure modes which significantly affect aborts are generally the same ones
vhich affect dynamic component removal failures. Figures 47 through Sk
show the mission reliability failure hazard functions for the CH-53/3L
gearbox. A comparison of these with the corresponding hazard function for
dynamic component removal shows that curve shapes are generally the same.
Table 19 shows the failure modes that significantly affect each hazard
function at 5000 hours. Although percentages may change, there are very
few new contributors over the ones given in Table 17. A notable exception
is splines in the CH-54 main gearbox. The main reason for it is that some
of the mission reliability failures were field repairable. As a result,
additional failures were included in the mission reliability category that
vere not in the dynamic component removal failure category. The spline
couplings responsible for the additional failures are those of the engine
inputs. This coupling, unlike most of the other couplings, is not rigidly
secured with a locknut, so floating allows for normal thermal expansion
of the drive shaft.

While the CH-54 data allowed tracking of mission reliability failures that
were field repairable, the CH-53 data did not. Mission reliability failures
reported for the CH-53 were those that also resulted in dynamic component
removal. As a result, hazard functions for mission reliability failures
such as of shaft seal leakage may be optimistic.

Table 20 summarizes the generic component failure mode hazard functions
that comprise each gearbox's mission reliability hazard function. Each
hazard function is described by its shape and size parameters, B and 8
Failure modes that are significant generally have shape parameters that
are greater than one and size parameters in the higher thousands of hours.

Safety-of-flight hazard functions are generally relatively constant.
Figures 55 through 60 show the safety-of-flight hazard functions. One or i
two failure modes are usually responsible for the increase that exists, as
shown by Table 21. The hazard functions shown should be viewed as con-
servative. No attempt was made to satisfy the boundary conditions implied
by the safety recoru. mentioned in Section 2.4 since there was inadequate
information on gearbox operating times. Housing cracks and spline wear
are the only failure modes which significantly affect gearbox safety-of-
flight hazard function. Most housings are redundant structures, yet this
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analysis has conservatively assumed that a safety of flight malfunction

cen occur with one crack. Furthermore, those housings where cracks have
been observed are frequently inspected to further reduce the possibility of
a critical fracture. Critical splines are well secured with a pretorqued
locknut, which in turn is prevented from loosening and backing off of the
shaft by another locking device. While it may be questionable as to why
these modes have remained in the safety-of-flight category, further improve-
ments are suggested in Section 3 which make these failure modes more remote,

Table 22 summarizes the generic component failure mode hazard functions that

comprise each gearbox's safety-of-filight hazard function. Each hazard
function is described by its shape and size parameter.
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TABLE 18. DYNAMIC COMPONENT REMOVAL FAILURE HAZARD FUNCTION PARAMETERS
Gearbox Generic Component Failure Mode B 6 (Hours)
CH-54 Main Spiral Bevel Gear Excess Wear 1.40  .1928 x 106
Spalling 1.00 .8176 x 106
Scoring 1.00 .L4886 x 106
Tooth Fracture 1.00 .4886 x 106
Web/Shaft Crack 1.00 .4886 x 106
Spur Gear Excess Wear 1.30 .5516 x 10°
Spalling 1.00 .2393 x 107
Scoring 1.00 .2393 x 107
Tooth Fracture 1.00 .2393 x 107
Web/Shaft Crack 1.00 .2393 x 107
Spline Wear, Fretting 1.33 .6143 x th
Ball Bearing Cage Fracture 1.00 .6700 x th
Spalling 1.30  .1172 x 10°
Smearing 1.00 .1196 x 108
Excess Wear 1.10 .2231 x 107
Lock Ring Fracture 1.00 .1895 x 107
Bearing Retainer Crack, Shear .98  .2165 x 10°
Shaft Crack 1.00 .6182 x 107
Spline Wear 1.50 1979 x lO6
1.20 .2964 x 10°
Roller Bearing Cage Fracture 1.00 .4088 x 107
Spalling 1.30 .6895 x 10°
Smearing 1.00 .4088 x 107
Excess Wear 1.10  .1116 x 107
Tapered Roller Cage Fracture 1.00 .3490 x 107
Bearing Spalling 2,40 .1021 x 10°
Smearing 1.00 .3959 x 10°
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TABLE 18.

Gearbox Geperic Component Failure Mode

CH-54 Main

Tapered Roller
Bearing
Thrust Washer

FWU Cam

FWU Roller

Spring

Nut

"0" Ring
Shaft Seal

0il Pump
Housing

Plate Assembly

FWU Cage

0il Lets
Bolts

Flange

(CONTINUED)

8 0 (Hours)
Excess Wear 1.30 .1310 x 106
Excess Wear 2.70 4235 x 1oh
Spline Wear 1.20 .1204 x 10°
Spring Seal 1.00 .8176 x 107
Fracture
Spalling 1.60  .7633 x 10°
Excess Wear 2.64 .1596 x th
Brinnelling 1.00 .T778 x 10
Fracture 1.00 .4088 x 107
Loose 1.70 L49k6 x 105
Leakage .79 .2848 x 10°
Leakage 1.95 .1854 x th

.63 .2480 x 108
Crack 2.38 .2352 x lO5
Crack 1.00 .1197 x lO7
Cage Failure 1.76 .2094 x th
Excess Wear 1.10 2231 x 107
Clogging .6l 4359 x 10°
Shear 1.00  .3031 x 10°
Fracture 1.00  .8176 x 107
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TABLE 18. (CONTINUED)
Gearbox Generic Component Fallure Mode B 6 (Hours)
CH-54 Inter- Spiral Bevel Gear Excess Wear 1.40 9473 x lO6
SRS Spalling 1.00  .2991 x 10°
Scoring 1.00 .2991 x 106
Tooth Fracture 1.00 .2991 x lO6
Web/Shaft Crack 1.00 .2991 x 106
Tapered Roller Cage Fracture 1.00 .2991 x lO6
Bearing Spalling .21 .1276 x 10°
Smearing 1.00 .2991 x lO6
Excess Wear 1.10 «9793 x 106
Spline Wear, Fretting  1.50  .596L4 x 10°
Nut Loose 1.10 .2849 x 106
"0" Ring Leskage JTh .2600 x 108
Lip Seal Leskage 1.h0 .2289 x 10h
Housing Crack 1.59 L2TUT x lOh
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30  .2417 x 10°
Smearing 1.00 +1551 x 107
Excess Wear 1.10 .4985 x 107
Clip (Bearing) Re- Fracture 1.00 2770 x lO7
tainer

Snap Ring Fracture 1.00 2770 x 107
Bolts Shear 1.00  .3324 x 107
0il Pump Zero Outlet 0.63 .2480 x 10°

Pressure
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30  .2%7 x 10°
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TABLE 18. (CONTINUED)
Gearbox Generic Component Failure Mode 8 8 (Hours)
Roller Bearing Smearing 1.00 .1551 x 107
1
(Cont'q.) Excess Wear 1.10  .4985 x 107
CH-54 Tail Spiral Bevel Gear Excess Wear 1.50  .1930 x 10°
Botor Spalling 1.00  .8053 x 10°
Scoring 1.00 .8053 x 106
Tooth Fracture 1.00 .8053 x 106
Web/Shaft Crack 1.00 .8053 x 106
Ball Rearing Cage Fracture 1.00 .5107 x 108
Spelling 1.30 <3557 x 106
Smearing 1.00 .5304 x 107
Excess Wear 1.10  .1649 x 107
Tapered Roller Cage Fracture 1.00 «3732 x lOT
Bearing Spalling 1.30  .3755 x 10°
Smearing 1.00 .3732 x 107
Excess Wear 1.10 .8391 x 107
Roller Bearing Cage Fracture 1.00 4911 x 107
Spalling 1.30 .6188 x 10°
Smearing 1.00 4911 x 107
Excess Wear 1.10 .6286 x 106
Bearing Retainer Fracture 1.00  .bo11 x 107
Spline Wear, Fretting 1.50 .6188 x 10°
Shaft Crack 1.00 1911 x 108
Nut Loose 1.00 .6285 x 108
"O" Ring Leakege 0.7%  .1231 x 10%°
Lip Seal Leakage A4 L3273 x 107
1.ko .1930 x 10
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B ® (Hours)
Pitch Change Con- Fretting 2.86 .7365 x 101‘
trol Shaft Anti-
rotation Groove
Bushing Excess Wear 1.04  .2286 x 10°
Housing Cruck 1.29 .6932 x 10“

CH-53 Main Spiral Bevel Gear Excess Wear 1.%0 .8921 x 105
Spalling 1.00 2792 x 106
Scoring 1.00 .1673 x 107
Tooth Fracture 1.00 .1673 x 107
Web/Shaft Frac- 1.00 .1673 x 107
ture
Spur Gear Excess Wear 1.30 .2055 x 105
Spalling 1.00 .6920 x 1o6
Scoring 1.00 .6920 x lO6
Tooth Fracture .71 .3883 x 105
Web/Shaft Crack 1.00 .6920 x 106
Ball Bearing Cage Fracture 1.00 .2991 x lO7
Spalling 1.30 .3585 x 10°
Stearing 1.00 .2991 x 107
Excess Wear 1.84 .2654 x 10"
Brinnelling 1.00 .2991 x 107
Roller Beering Cage Fracture 1.00 .1434 x 107
Spalling 2.54 .1337 x th
Smearing 1.00 .143%4 x 107
Excess Wear 1.10 .4332 x 106
Tapered Roller Cage Fracture 1.00 .143k4 x 107
Bearing Spalling 2.50 .7254 x 10"
Smearing 1.00  .1434 x 107
Excess Wear 1.30 .6537 x 105
Spline Wear, Fretting 1.33 .5918 x 10°
108
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TABLE 18. ( CONTINUED)
Gearbox Generic Component Failure Mode B o (Hours)
Bearing Retainer Crack Shear 1,32 .299h4 x lOu
Clip

Thrust Washer Excess Wear 2,70 .bh23% x 10h
"o" Ring Leakage b .158k x 10°
Shaft Seal Leakage 0.66 .5531 x 10°
1.08 .1k82 x 106
Flange Crack Loo .1267 x 107
FWU Housing Crack 1.00 .1669 x lO7
FWU Roller Spalling 1.60 .3616 x 106
Excess Wear 1.10 .2332 x 107
Brinnelling 1.00 2hk2 x 106
FWU Cage Excess Wear 1.10 .8510 x 106
Cage Fracture 1.76  .1330 x 106
Spring Fracture 1.00 .1262 x 107
Shaft Crack 1.00 .9970 x 105
Housing Crack 2.83 .1236 x 10°
Plate Assembly Crack 1.00 .2Lk2 x 106
0il Pump Zero Outlet 0.63 .2480 x 108

Pressure
0il Jets Clogging 0.6k L4875 x 107
Nuts Loose 1.70  .1h2k x th
CH-53 Inter- Spiral Bevel Gear Excess Wear 1.h0 .8852 x lO6
mediate spalling 100 4116 x 107
Scoring 1.00 .2706 x 106
Tooth Fracture 1.00 .2706 x :Lo6
Web/Shaft Crack  1.00 .2706 x 106
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode 8 6 (Hours)
Tapered Roller Cage Fracture 1.00 .2640 x 106

Begring Spalling .68 L1498 x 10°

Spalling 2.43  .2609 x 1oh

Smearing 0.84 .5348 x 10°

Excess Wear 1.26  .9905 x th

Spline Excess Wear 1.50 .3107 x 10°

Nuts Loose 1.10 .1683 x 106
"0" Rings Leakage T4 L1046 x 1010
Lip Seal Leakage .19 .1848 x 1010

1.37 .3349 x 1oh

Housing Crack 1.60 .4613 x 106

CH-53 Tail Spiral Bevel Gear Excess Wear 150 .2743 x 10°
Sotor Spalling 1.00 .1318 x 107
Scoring 1.00 .1318 x 107

Tooth Fracture 1.00 .1318 x 107

‘Web/Shaft Crack  1.00 .1318 x 107

Ball Bearing Cage Fracture 1.00 .8355 x 108

Spalling 1.30 .5194 x 105

Smearing 1.00 .8355 x 108

Excess Wear 1.10 .1317 x 108

Roller Bearing Cage Fracture 1.00 .6106 x 107

Spalling 1.30 .5483 x 1o6

Smearing 1.00 .6106 x 107

Excess Wear 1.10 .1313 x 108 i

Bushing Excess 3.09 .2240 x 10h

Bearing Retainer Fracture 1.00 .8033 x 107

Spline Wear, Fretting 1.50 .8591 x 105
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B o (Hours)
Tapered Roller Cage Fracture 1.00 .8355 x 106
Bearing Spalling 1.20 .2343 x 107

Smearing 1.00 .8676 x 107
Excess Wear 1.00 .2579 x 107
Shaft Crack 1.00 .8033 x 107
Nuts Loose 1.10 .7501 x 106
"0" Ring Leakage Th L2170 x 108
Lip Seals Leakage .68 2777 x 10°
fruch Change CON°  pretting 2.86 .2631 x 10°
Rod Antirotation
Groove
Housing Crack 2.19 .1737 x th
CH-53 Nose Spiral Bevel Gear Excess Wear 1.43  .2272 x 10°
Spalling, Pitting 1.00 .4115 x 10°
Scoring 1.00 .6272 x 108
Tooth Fracture 1.84 .16k x 10°
Web/Shaft Crack 1.91 .6841 x 10°
Spur Gear Excess Wear 3.19 .1954 x lOh
Spalling, Pitting 1.00 .6278 x 1o8
Scoring 1.00 .6278 x lO8
Tooth Fracture 1.00 .6278 x 108
Web/Shaft Crack  1.00 .6278 x 108
Ball Bearing Cage Fracture 1.64 .8795 x 10h
Spalling 0.69 .6275 x 106
Smearing 1.00 .2466 x 106
Excess Wear 0.75 2292 x 106
Spalling 1.30 .3046 x.106
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TABLE 18, (CONTINUED)
Gearbox Generic Component Failure Mode B8 6 (Hours)
Roller Bearing Cage Fracture 1.00 .6278 x 108
Spalling 3.12  .1492 x 10°
Smearing 1.00 .6278 x 108
Excess Wear 1.20 .3355 x 108
Tapered Roller Cage Fracture 0.99 .2221 x 105
Bearing Spalling 3.12  .2527 x 10°
) Smearing - 0.65 1001 x 100
Excess Wear 1.17T .1325 x 107
Spline Wear, Fretting 1.54  .1940 x th
1.23  .6000 x 107
1.15 .2900 x 10lo
Nuts Loose 1.73 .1350 x 105
Bearing Retainer Fracture 1.56 .1135 x 10°
Clip Fracture 0.98 .6910 x 108
Shaft Seal Leakage 1.08 AT727 x 105
"o" Rings Leakage 0.7T4 .3200 x lO5
Pulley Drive Crack 1.00 .6278 x 108
Fan Pulley V Groove Wear 2.7T7 .1695 x lO5
Square Aperture Excess Wear 1.67 .4208 x 106
Quill Shaft Crack 1.00 6278 x 108
Excess Wear 1.24  .1416 x 10%°
0il Pump Zero Outlet 8
Pressure 0.63 .2k80 x 10
Housing Crack 2.34  .3617 x 10°
0il Jets Clogging 0.67 .1656 x 10%°
Flange Crack 1.00 .6278 x 108
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B 8 (Hours)
CH-53 Spur Gear Excess Wear 1.33  .6041 x 10h
HEeeanony Spalling 1.00 .h433 x 10°
Scoring 1.00 .4hk43 x ]06

Tooth Fracture 1.00  .L44h3 x 106

Web/Shaft Crack 1.00  .Lhih3 x 106

Ball Bearing Cage Fracture 1.00  .L8TT x 107

Spalling 1.26  .1029 x 10°

Smearing 1.00 .4877 x 107

Excess Wear 1.10 .2375 x 107

Spline Wear, Fretting 3.07 L1701 x th

Nut Loose 1.62  .7338 x th

Lock Ring Fracture 1.01 L1987 x lO5

Shaft Seal Leakage 1.1k L1922 x lO5
"0" Ring Leakage 0.74  .L186 x 1010

FWU Roller Spalling 1.60 .T7526 x 10h

Excess Wear 0.79 .36L1 x 10°

Brinnelling 1.00 L1897 x lO7

Excess Wear 1.10 3770 x 107

FWU Cage Excess Wear 1.10 L3770 x 107

Fracture 0.91 .2869 x lO5

Thrust Washer Excess Wear 3.00 .9082 x th

Spring Fracture 1.00 .6502 x 108

» Shaft Crack 1.00 .48hk2 x 10h
Roller Bearing Cage Fracture 1.00 .2059 x lO8

Spalling 1.13 .2003 x lO5

: Smearing 1.00 .2059 x 1o8
Excess Wear 1.10 .k4900 x 108

113

:
3
i
=

B e e e —- e NU— e e 0 e BB PSSP



TABLE 18. (CONTINUED)
Gearbox Generic Component Failure Mode B 8 (Hours)
0il Pump Zero Outlet 0.46 .1542 x 107
Pressure
0il Jet Clogging 0.64 .2201 x 108
Housing Crack 1.60 .2719 x 1oh
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TABLE 19. SIGNIFICANT MISSION RELIABILITY FAILURE MODES
Percentage
Aircraft Gearbox Generic Failure Mode Contribution
to G/B HZD FN.%
CH-54  Main Spline Coupling Fretting Wear 31
FWU Roller Excess Wear 30
"0" Ring Leakage 6
FWU Roller Spalling 5
FWU Cage Fracture L
Interme- No Significantly Increasing
diate Failure Mode.
Tail Rotor Housing Crack 21
Pitch Change Control 28
Rod Antirotation Groove Wear
Lip Seal Leakage 9
Bushing Wear 9
CH-53 Main Clip Wear 58
Bolts Shear 32
Interme- No Significantly Increasing
diate Failure Mode.
Tail Rotor Pitch Change Control 2L
Rod Antirotation Groove Wear
Bushing Wear 70
Nose Spur Gear Wear T9
Tapered Roller Bearing Spalling 10
Accessory Spline Coupling Wear 55%
, Housing Crack 26%

¥ At 5000 Hours.
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TABLE 20. MISSION RELIABILITY HAZARD FUNCTION PARAMETERS

Gearbox Generic Component Failure Mode 8 o (Hours)
CH-54 Main Spiral Bevel Gear Excess Wear 1.%0 .1928 x 10°
Spalling 1.00 .8176 x 106
Scoring 1.00 ..4886 x 107

Tooth Fracture 1.00 .L886 x lO7
Web/Shaft Crack 1.00 .4886 x 107

Spur Gear Excess Wear 1.30 .5516 x 10°
Spalling 1.00 .2393 x lO7
Scoring 1.00 .2393 x 107

Tooth Fracture 1.00 .2393 x 107
Web/Shaft Crack 1.00 .2393 x 107

Spline Wear, Fretting 1.76 .2881 x th
Ball Bearing Cage Fracture 1.00 .134k4 x 10°
Spalling 1.30 1172 x 106

Smearing 1.00 .1196 x 107

Excess Wear 1.10 .2231 x 107

Lock Ring Fracture 1.0 .1895 x 107
Bearing Retainer Crack, Shear 0.98 .1092 x 106
Shaft Crack 1.00 .6182 x 107
Spline Wear 1.50 1979 x 106

1.20  .296k4 x 10°

Square Hole 6

Enlargement 1.70 .5995 x 10

Roller Bearing Cage Fracture 1.00 .4088 x 107
Spalling 1.30 .6395 x 10°

Smearing 1.00 .,4188 x 107

Excess Wear 1.10  .1116 x 107

Tapered Roller Cage Fracture 1.00 .3490 x 107
Bearing Spalling 2.1 .1021 x 10°
Smearing 1.0 «3959 x 10S
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 © (Hours)
Tapered Roller Excess Wear 1.3 .1310 x 106
Bearing
Thrust Washer Excess Wear 2.7 5475 x 10h
FWU Cam Spline Wear 1.2 .1204 x 10°
Spring Seat 1.0 .8176 x 107
Fracture
FWU Roller Spalling 1.6 7633 x 10h
Excess Wear 2.64  .4127 x 10h
Brinnelling 1.00 .T778 x 107
Spring Fracture 1.00 .6182 x 107
Nut Loose 1.70 .L9L6 x 105
"0" Ring Leakage 1.27 .636L4 x th
Shaft Seal Leakage 0.77 .1089 x lO6
0il Pump Zero Outlet 0.63 .2480 x 108
Pressure 5
Housing Crack 2.38 .2352 x 10
Plate Assembly Crack 1.00 .1197 x lO7
FWU Cage Cage Fracture 1.76  .9981 x 10h
Excess Wear 1.10 .2231 x 107
0il Jets Clogging 0.64 .1819 x 107
Bolts Shear 1.00 .6092 x 10°
CH-S4 Spiral Bevel Gear Excess Wear 1.40 .9473 x 10°
Lotezued ats Spalling 1.00  .2991 x 10°
Scoring 1.00 2991 x 106
Tooth Fracture 1.00 .2991 x 106
Web/Shaft Crack 1.00 .2991 x 106
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 e (Hours)
Tapered Roller Cage Fracture 1.00 .2991 x 106
Spalling 1.21  .1276 x 10°
Smearing 1.00 .2991 x 106
Excess Wear 1.10 .9793 x 106
Spline Wear, Fretting 1.5 .5964 x 106
Nut Loose 1.1 .9793 x lO6
"O" Ring Leakage 0.7%  .2600 x 108
Lip Seal Leakage 1.5 .2129 x 10°
Housing Crack 1.59 .2500 x 108
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30 .2hQT x 10
Smearing 1.00 .1551 x 107
Excess Wear 1.10 .h4985 x 107
Clip (Bearing) Fracture 1.00 .2770 x 107
Retainer
Snap Ring Fracture 1.00 .2770 x lO7
Bolts Shear 1.00 .2959 x lOS
0il Pump Zero Outlet 0.63 .2L480 x 108
Pressure
CH-54 Tail Spiral Bevel Gear Excess Wear 1.40 .1930 x 106
Rptor Spalling 1.00 .8053 x 10°
Scoring 1.00 .8053 x 106
Tooth Fracture 1.00 .8053 x 106
Web/Shaft Crack 1.00 .8053 x 106
Ball Bearing Cage Fracture 1.00 .510T7 x 108
Spalling 1.30 .3557 x lO6
Smearing 1.00 .5304 x 107
Excess Wear 1.10 .1649 x lO7
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode 8 e (Hours)
Tapered Roller Cage Fracture 1.00 .3732 x 107
Bearing spalling 130 .3755 x 10°

Smearing 1.00 .3732 x 107
Excess Wear 1.10 .8391 x 107
Roller Bearing Cage Fracture 1.00 .1911 x 107
Spalling 1.30 .6188 x 10s
Smearing 1.00 .b911l x 107
Excess Wear 1.10 .6286 x 106
Bearing Retainer Fracture 1.00 .bO1l1 x 107
Spline Wear, Fretting 1.50 .6188 x 105
Shaft Crack 1.00 .L491l x 108
Nut Loose 1.00 .6285 x 108
"O" Ring Leakege o7k .1231 x 10°°
Lip Seal Leakage 0.bh  .5437 x 107
1.0 L4650 x 107
pitch Change Control Fretting 2.86 .1280 x 10°
Shaft Antirotation
Groove
Bushing Excess Wear 1.0  .TL85 x 105
Housing Crack 1.29 .2728 x 105
CH-53 Main Spiral Bevel Gear Excess Wear 1.k0  .8921 x 10°
Spalling 1.00 2792 x 106
Scoring 1.00 .1673 x 107
Tooth Fracture 1.00 .1673 x 107
Web/Shaft Fracture 1.00 .1673 x 107 !
FWU Housing
Fracture 1.00 .1669 x 107
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode ] o (Hours)
Spur Gear Excess Wear 1.30 .2055 x 105
Spalling 1.00 .6920 x 10(
Scoring 1.00 .6920 x lO6
Tooth Fracture 0.71 .388k4 x 105
Web/Shaft Crack  1.00 .6920 x 106
Ball Bearing Cage Fracture 1.00 2991 x 107
Spalling 1.30 .3985 x 10°
Smearing 1.00 .2991 x 107
Excess Wear 1.84 .5198 x th
Brinnelling 1.00 .2991 x 107
Roller Bearing Cage Fracture 1.00 .143k4 x 107
Spalling 0.86 .1816 x 10°
Smearing 1.00 .11k43 x 107
Excess Wear 1.10 .4332 x 106
Tapered Roller Cage Fracture 1,00  .143k4 x 107
Bearing Spalling 2.40 .9688 x 10"
Smearing <m = 1,00 143k x 107
Excess Wear 1.30 .6537 x 105
Spline Wear, Fretting 1.33 .5918 x 105
Bearing Retainer Crack Shea. 1.32  .4318 x 10h

Clip
Thrust Washer Excess Wear 2.69  .1T4T x 10°
"O" Ring Leakage 0.74  .1584 x 10°
Shaft Seal Leakage 0.66 .5532 x 105
1.08 .1u482 x 106
Flange Crack 1.00 .1262 x 107
FWU Rollers Spalling 1.60 .3616 x 107
Excess Wear 1.10 .2332 x 107
Brinnelling 1.00 .24k42 x 106
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 © (Hours)
FWU Cage Excess Wear 1,10 .8510 x 106
Cage Fracture 1.76  .1330 x 10°
Spring Fracture 1.00 .1262 x 107
Shaft Crack 1.00 .9970 x 105
Housing Crack 2.38 .1206 x 10°
Plate Assembly Crack 1.00 2uk2 x 106
0il Pump Zero Outlet 0.63 .2980 x 108
Pressure
0il Jets Clogging 0.64 4875 x 107
Nuts Loose 1.70  .1k24 x th
CH-53 Spiral Bevel Gear Excess Wear 1.4b0 .8852 x 106
intexmed ate Spalling 1.00 .4116 x 10°
Scoring 1.00 .2706 x 106
Tooth Fracture 1.00 .2706 x 106
Web/Shaft Crack  1.00 .2706 x 106
Tapered Roller Cage Fracture 1.0 2640 x 106
Bearing Spalling 0.68 .2498 x 10°
Spalling 2.43 .2670 x th
Smearing 0.84 .2329 x 106
Excess Wear 1.26  .1734k x 10°
Spline Excess Wear 1.50 .3107 x 105
Nuts Loose 1.10 .1683 x 106
"0" Rings Leakage 0.7  .1046 x 10tC
Lip Seal Leakage 0.19 .2633 x 107
1.37  .3436 x 10°
Housing Crack 1.60 .1259 x 10
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 6 (Hours)
CH-53 Tail Spiral Bevel Gear Excess Wear 1.40  .2743 x 107
Rotcx Spalling 1.00 .1318 x 107
Scoring 1.00 .1318 x 107
Tooth Fracture 1.00 .1318 x 107
Web/Shaft Crack 1.00 .1318 x 107
Ball Bearing Cage Fracture 1.00 .8355 x lO8
Spalling 1.30 .519h4 x 10°
Smearing 1.00 .8355 x lO8
Excess Wear 1.10 .2579 x 10T
Roller Bearing Cage Fracture 1.00 .6106 x lO7
Spalling 1.30 .5483 x 107
Smearing 1.00 .1313 x 108
Excess Wear 1.10 .8591 x lOS
Bushing Excess 3.09 .3350 x 10h
Bearing Retainer Fracture 1.0 .8033 x 107
Spline Wear, Fretting 1.5 .8591 x 105
Nuts Loose 1.1 .26L45 x 107
"O" Ring Leskage 0.68 .2170 x lO8
Pitch Change Control Fretting 2.86 .4625 x 1oh
Rod Antirotation
Groove
Housing Crack 2.19 .T643 x lOu
CH-53 Nose Spiral Bevel Gear Excess Wear 1.k3  .537k x 105
Spalling, Pitting 1.00 .8275 x 10°
Scoring 1.00 .6272 x 108
Tooth Fracture 1.3 .2272 x 10°
Web/Shaft Crack  1.91 .6841 x 10°
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode 8 6 (Hours)
Spur Gears Excess Wear 3.19 .2435 x 10"
Spalling, Pitting 1.00 .6278 x 108
Scoring 1.00 .6278 x 108
Tooth Fracture 1.00 .6278 x 108
Web/Shaft Crack  1.00 .6278 x 108
Ball Bearing Cage Fracture 2,11 .8696 x 10%
Spalling 0.69 .3719 x lO7
Smearing 1.00 .4951 x 106
Excess Wear 0.75 .1893 x 107
Spalling 1.30  .TT765 x 106
Roller Bearing Cage Fracture 1.00 .6278 x 108
Spalling 3.12 L1475 x 105
Smearing 1.00 .6278 x 108
Excess Wear 1.20 .3355 x 106
Tapered Roller Cage Fracture 0.99 .279T7 x 106
Bearing Spalling 3.12  .h680 x 10"
Smearing 0.65 .6780 x 108
Excess Wear 1.17  .1625 x 107
Spline Wear, Fretting 1.54 .3186 x 10h
1.24 .1108 x 10°

1.15 .5280 x 10™°
Nuts Loose 1.73 2750 x 105
Bearing Retainer Fracture 1.56 .3700 x 10°
Shaft Seal Leakage 1.08 .1765 x 106
"0" Rings Leakage 0.74 .36L40 x 10°
Pulley Driven Sheared 1.00 .6278 x 108
Fan Pulley V-Groove Wear 2.77 .1695 x 105
Square Aperature Excess Wear 1.67 .6458 x 107
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 6 (Hours)
Quill Shaft Crack 1.00 .6278 x 108
Excess Wear 1.2 2475 x 1010
0il Pump Zero Outlet 0.63 .2480 x 108
Pressure
Housing Crack 2.38  .3617 x 10°
01l Jets Clogging 0.67 .1656 x 1020
Flange Crack 1.00 .6278 x lO8
CH-53 Spur Gear Excess Wear 1.33 .21kl x 10°
Recegsory Spalling 1.00 .h4b93 x 10°
Scoring 1.00 .4u493 x 106
Tooth Fracture 1.00 .4493 x 106
Web/Shaft Crack 1.00 .h44o3 x 106
Ball Bearing Cage Fracture 1.00 .4877 x 107
Spalling 1.26 .3620 x 10°
Smearing 1.00 .L877 x 107
Excess Wear 1.1 LL476 x 107
Spline Wear, Fretting 3.07 .4100 x th
Nut Loose 1.12 .2228 x lO5
Lock Ring Fracture 1.01  .9572 x lO5
Shaft Seal Leakage 1.1k 5674 x 105
"0" Ring Leakage 0.7Th  .1418T7 x 106
FWU Roller Spelling 1.60 .1621 x 10°
Excess Wear 0.79 .3778 x 106
srinnelling 1.00 .1897 x 107
Excess Wear 1.10 .3770 x 107
FWU Cage Excess Wear 1.10 .3770 x 107
Fracture 0.86 .16u46 x 106
Thrust Washer Excess Wear 3.00 .9082 x 10h
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode B 6 (Hours)
Spring Fracture 1.00 .6052 x 108
Shaft Crack 1.00 .h8k2 x 10°
Roller Bearing Cage Fracture 1.00 .2059 x 108

Spalling 1.13  .5962 x 10°
Smearing 1.0 .2059 x 1).08
Excess Wear 1.10 .4900 x 107
0il Pump Zero Outlet 0.63 .hh9o x 10°
Pressure
0il Jet Clogging 0.64 .4360 x 10°
Housing Crack 1.6 .3659 x 10h
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Aircraft Gearbox

TABLE 21.

Generic Component

Failure Mode®

SIGNIFICANT POTENTIAL SAFETY-
OF-FLIGHT FAILURE MODES

Percentage Contributio
to Gearbox Hazard Functio

CH-5h Main

Intermediate

Tail Rotor

CH-53 Main

Intermediate

Tail Rotor

Spline Fretting,
Wear

Spline Fretting,
Wear

Nuts Loose
Housing Crack

Spline Fretting,
Wear
Housing Crack

Spline Fretting,
Wear
Housing Crack

Housing Crack
Spline Fretting,
Wear

Housing Crack
Spline Fretting,
Wear

67

L6
41

12

84
a5
L2

80nly failure modes with increasing hazard functions are listed.

bat 5000 Hours.
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TABLE 22. SAFETY-OF-FLIGHT HAZARD FUNCTION PARAMETERS

Gearbox Generic Component Failure Mode B 6 (Hours)
CH-5U4 Main Spiral Bevel Gear Tooth Fracture 1.0 . 4886 x 108
Web/Shaft Fracture 1.0 L9772 x 108
Spur Gear Tooth Fracture 1.0 .350b x 107
Web/Shaft Fracture 1.0 .350h x 107
Spline Wear, Fretting 1.33 .3810x lO5
Ball Bearing Cage Fracture 1.00  .1b47h x 106
Roller Bearing Cage Fracture 1.00 .6484 x 107
Tapered Roller Cage Fracture 1.00 .1222 x lO8
Bearing
Flange Crack 1.00 .2453 x 108
Shaft Fracture 1.00 .15U46 x 1o8
Nuts Loose 1.70  .6664 x 107
0il Pump Zero Outlet 0.63  .2480 x 108
Pressure
Plate Assembly Fracture 1.00 <1197 x 107
6
Housing Fracture 2.38 .2804 x 10
CH-54 Spiral Bevel Gear Web/Shaft Fracture 1.00 2991 x 106
Intermediate
Roller Bearing Cage Fracture 1.00 .2105 x 108
Tapered Roller Cage Fracture 1.00  .L448T x 108
Bearing
Spline Wear, Fretting 1.50 .9466 x 106
Nuts Loose 1.00 .100% x 107
Clip (Brg) Retainer Fracture 1.00 .2770 x 107
Snap Ring Fracture 1,00 .2770 x 107
0il Pump Zero Outlet 0.63 .2480 x 108
Pressure
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TABLE 22. (CONTINUED)
Gearbox Generic Component Failure Mode 8 @ (Hours)
Housing Frecture 1.59 .1259 x 107
CH-54 Tail Spiral Bevel Gear Web/Shaft Fracture 1.00 .8053 x 106
Rotor
Ball Bearing Cage Fracture 1.00 .5107 x 108
Tepered Roller Cage Fracture 1.00 .76l x 107
Bearing
Roller Bearing Cage Fracture 1.00 .k4911 x 107
Bearing Retainer Fracture 1.00 .4931 x 107
Spline Wear, Fretting 1.50 .6188 x 105
Shaft Fracture 1.00 .h4911 x 10
Nuts Loose 1.10 .hi62 x 10°
Housing Fracture 1.29 .91k2 x 105
CH=-53 Main Spiral Bevel Gear  Tooth Fracture 1.00 .100k4 x 108
Web/Shaft Fracture 1.00 .3446 x 107
Spur Gear Tooth Fracture 0.71 .1679 x 107
Web/Shaft Fracture 1.00 .T698 x 108
Ball Bearing Cage Fracture 1.00 .13L46 x 10°
Roller Bearing Cage Fracture 1.00 .3230 x 107
Tapered Roller Cage Fracture 1.00 .1673 x 107
Bearing
Spline Wear, Fretting 1.33 .2276 x 106
Flange Fracture 1.00 .5068 x 107
Shaft Fracture 1.00 .2493 x 106
Housing Fracture 2.38 .8606 x 10°
Plate Assembly Fracture 1.00 .2uk2 x 10°
0i1 Pump Zero Outlet 0.63 .2480 x 10°
Pressure
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TABLE 22. (CONTINUED)
Gearbox Generic Component Failure Mode B 6 (Hours)
CH-53 Spiral Bevel Gear Web/Shaft Fracture 1.00 .2706 x 106
Intermediate
Spline Wear, Fretting 1.50 .3107 x 105
Housing Fracture 1.60 .1986 x 107
CH-53 Tail Spiral Bevel Gear Fracture 1.00 .1318 x 10'
Rotor
Ball Bearing Cage Fracture 1.00 .8355 x 108
Tapered Roller Cage Fracture 1.00 .1671 x 107
Bearing
Roller Bearing Cage Fracture 1.00 .6106 x 106
Bearing Retainer Fracture 1.00 .8033 x 107
Spline Wear, Fretting 1.5 .8591 x 10°
Shaft Fracture 1.0 .8033 x 107
Nuts Loose 1.1 <4967 x 107
Housing Fracture 2.19 .5249 x 10°
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3.0 IMPLEMENTATION OF ON-CONDITION MAINTENANCE POLICY

An on-condition maintenance policy requires thet there be no significant in-
crease in the risk of a safety-of-flight malfunction with the removal of
scheduled overhauls. USAAMRDL-TR-T3-58 has shown that on-condition mainte-
nance is cost-effective with astronomical increases in the dynamic component
removal hazard function with the removal of scheduled overhauls provided
there is no significent increase in safety-of-flight malfunctions. While no
attempt was made to evaluate life-cycle cost, those design improvements and
recormmended practices that further enhance on-condition maintenance will be
discussed. Their impact on gearbox hazard function will also be shown.

Certain design changes are recommended before an on-condition maintenance
policy is initiated, though many are not essential. These improvements are
practical and feasible with virtuelly no increase in the weight of the gear-
box. Concurrent with the initiation of an on-condition meintenance policy,
it is recommended that field and depot meintenance of on-condition gearboxes
be monitored. In the design and development of future gearboxes, it is rec-
ommended that the dynamic response of drive system components and the in-
plane response of gears be evaluated to better direct development testing.

3.1 DESIGN IMPROVEMENTS

Design improvements and procedures that enhance on-condition maintenance for
CH-53/5k4 gearboxes will be discussed in the following paragraphs. At the
conclusion of this section, the collective impact of these improvements on
existing gearbox hazard function will be presented.

3.1.1 SPLINES

Grease retention is a major design area that warrants improvement for the
CH-53/54 gearboxes. The impact of grease retention on spline hazard func-
tions has been previously seen in Section 2.3.3. One improvement that has
been incorporated in the improved transmission of the RH-53D helicopter is
the eddition of a notch and an "0" ring to retain grease in accordance with
AS 972A.13 The "0" ring is essentially a static seal in this application
that retains grease in the coupling. A typical installation is shown in
Figure 61. While the "O" ring is not viewed as a panacea for spline prob-
lems, it is estimated that it will eliminate 85% of the current problems.
This is based on the assumption that spline couplings are not misaligned and
that shaft speed, by centrifugal force, does not keep the lubricant from
mating surfaces.

While grease retention is not a problem with critical splines, the possibil-
ity of fretting wear would be further reduced by the above improvement. 1In
this sense, the above improvement is considered to be essential for imple-
menting an on-condition maintenance policy.

To further reduce the possibility of spline wear and fretting, difficulties
13

AS 9T2A, "Spline Details, Accessory Drives And Flanges", Aerospace
Standard, October 13, 1967.

144




W

RS

T byt 7, o . ¥ "
Z‘ A5 E A g 1 AT v S UG S

Figure 61.

Grease Lubricated Spline
Lubrication Retention Improvement.

145




inherent to the manufacture and application of involute splines must be
addressed. These iuclude eccentricities between shafts, minor distortions
of spline teeth after heat treatment, backlash of the coupling, and inher=-
ent surface roughness that results after machining, especially in making
small accessory splines,

Fortuna-Werke Maschinenfabrik A. G., a leading West German manufacturer of
production cylindrical grinding machines, has recent.y developed a machine
that can accurately grind internal and external shapes like those shown in
Figure 62. This system is known as the polygon system and depends on a
manufacturing process called polygon grinding.

Polygon splines can be used as direct replacements for involute splines in
helicopter transmissions, as shown in Figure 63. The polygon spline can be
tapered to serve the dual functions of transmitting torque and head moment
vhen used as a rotor head connection. Because the shear length of the
polygon spline is longer than that of the involute spline, a polygon spline
is stronger in shear.

These splines are ground continuously and extremely accurately. The ground
profiles are perfectly symmetrical, concentric to shaft center, and repeat-
able in manufacture to within millionths of an inch. This degree of accur-
acy eliminates the possibility of unequal load sharing of the lobes due to

machining errors.

The polygon system can yield & connection with the following advantages
over conventional splines:

- Higher angular shear strength

- Higher torsionsl shear strength

- Lower backlash

- Self-centering (elimination of pilot diameters)
- High accuracy of angular orientation

- Parts finished after heat treatment

- Ease of manufacture

- Lower cost

In a helicopter transmission, the polygon spline connection offers the added
advantage of eliminating the stress risers associated with conventional
splines. The most attractive application of the polygon spline is the
connection of main rotor shaft to main rotor head. This connection is
usually made with involute splines to transmit torque and with auxiliary
devices to transmit rotor thrust and moments to the shaft. These auxiliary
devices are solid or split cone-shaped members that are forced between the
main rotor shaft Jjournals and the rotor head with preloading devices. This
results in a complex system with many parts. The journals on the shaft or
hub become fretted, causing scrappage of expensive components.

While the polygon spline is not essential to implementing an on-condition

maintenance policy, its advantages certainly warrant its further consider-
ation in future transmission development.
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3.1.2 HOUSINGS

Cracks in the mounting lugs of tail rotor gearboxes and bolt holes of in-
termediate gearboxes indicate that improvement is warranted. Improvements
that will be briefly discussed have been incorporated in later versions of
the gearboxes that were studied.

On the RH-53D, the problem of tail rotor gearbox mounting lug cracks was
addressed by reducing the stress concentration in the mounting lugs and
changing the housing material to permit hetter control of the core hardness.
Stress concentrations were reduced by meking lugs thicker and with larger
radii of curvature. The improved consistency of core hardness results from
better control of the pouring process in forming gearbox housings offered
by magnesium alloy ZE41 over magnesium alloy AZ91. The impact of this im-
provement on gearbox weight is only a l-pound increase.

On the CH-54, the problem of bolt~hole cracks of the intermediate gearbox
vere addressed by reducing the stresses in each load path of the mounting
flange. This was done by doubling the number of bolt-holes (load paths)
while maintaining their original strength. With this improvement, inter-
mediate gearboxes on the CH-5UA's were placed on-condition.

While the above improvements do not impact all housing failure modes, such
as corrosion, it is felt that they can significantly reduce the possibility
of housing cracks. Even though housing cracks have never caused a safety-
of-flight malfunction of the CH-53/54, the above improvements are consid-
ered to be essential to implementing an on-conditicn maintenance policy to
further reduce this possibility.

Inspections are adequate to detect any housing cracks that result from
corrosion. As a result, with the above improvements and existing inspec-
tions (see Section 2.2), the possibility of a housing fracture is remote.

3.1.3 FREEWHEEL UNITS

The significance of freewheel unit roller malfunctions on the CH-54 dynamic
component removal and mission reliability hazard functions (see Tables 17
and 19) indicates that improvements are desirable. Minimal lubrication is
in part responsible for these malfunctions. Two improvements, one specifi-
cally aimed at the failure modes of the CH-54 and another aimed at improving
the reliability of the conventional freewheel unit, will be briefly dis-
cussed.

PRESSURIZED LUBRICATION SYSTEM

In a conventional freewheel unit lubrication system, oil is fed to the
center freewheel member whereupon it is metered to the rubbing clutch
components (such as the rollers of a ramp roller clutch). If the innermost
member of the freewheel unit is the driving member, it will be stopped dur-
ing overrunning. Thus the oil is fed only by gravity to the lower compo-
nents and does not have centrifugsl force acting to assist lubrication at
the time when lubrication of the freewheel unit is importent; that is,
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overrunning.

If the feed jJet to the freewheel unit is sealed so as to form a chamber on
“he innermost freewheel unit shaft, the shaft will fill with cil and force
it to all the freewheel unit overrunning components. Thus, proper lubricae-
tion is assured during overrunning.

SPRING CLUTCH

The principle of operation of the sp:ring clutch is depicted schematically
in Figure 64. A spring of rectangular cross section is positioned between
twa concentric internal shaft diameters. The end coils of the spring are
¢f a larger diameter than the central coils and are in contact with the
bores of the shafts. When the two shafts are twisted relative to each
other so as to tighten the spring, the end coiis slip on the shaft bores.
When the two shafts are twisted so as to unwind the spring, the spring
expands and grips the shaft bores along its entire length. In this posi-
tion the spring is able to transmit torque from one shaft across the gap
to the other shaft.

The center coil of the spring which bridges the gap between shafts must
transmit the full torque through the spring coil cross section. The load
along the length of the sprirz then gradually decreases as the torque is
transmitted into the housing.

The least expensive method of manufacture of the spring is a coil of cen-
stant section wire, heat treated and finished machined. Since the ce¢nter
section must carry the full torque, and the wire is of constant section,
the end coils have very low stress., With this design, however, the spring
is excessively long. A constant stress spring is the lightest solution.
In a constant stress spring clutch, the thickness of the spring will vary
parabolically with length.

The typical spring overrunning clutch is shown in cross section in Figure
65. Note that in this design the spring thickness in both the axial and
radial dimensions is varied to obtain an approximation of a parabolic
constant stress function. The central coils of the spring are relieved.
During overrunning, the spring contacts only on the end coils, which are
designed with an interference fit. The spring guide arbor holds the spring
in alignment during overrunning and forces the slippage to occur on the end
coils of the shaft opposite the shaft attached to the arbor.

The clutch outer housing member has two bearings which support the clutch
outer shaft independently of the input shaft. Relative rotation between
input and output clutch shafts is permitted by the preloaded tandem bear-
ings between the two members. Bearing brinelling is minimized with this
bearing arrangement.

Lubricant is fed through either end of the clutch to the inner shaft member,
where it will feed past the slotted end spacer, over the end coils of the
spring which are also slotted, and through the drain holes in the input
shaft bore. During overrunning, the oil must pass over the only portion

150




H ) A T

DIRECTION OF
ROTATION FOR
OVERRUNNING

OUTPUT

INPUT
SHAFT

CLUTCH
SPRING

DIRECTION
OF ROTATION
FOR ENGAGEMENT

Figure 64. Principle of Operation, Spring
Overrunning Clutch,

151




S
it e e

OVERRUNNING
SLIDING AREA

SPRING GUIDE
ARBOR

SIOTTED END SPACER

SPRING

Figure 65.

INTERFERENCE FIT
ON ENDS OF SPRING

Spring Overrunning Clutch.

152 oy

“
A
ard
e ————— R T T s Ly




of the spring which is rubbing, thereby assuring proper lubricant flow to
the area required. The duplex bearings are also lubricated through central
holes in the input shaft and through slots at the bearing interfaces. The
outer support bearings are lubricated by fixed Jets in the support housing.

Assuming proper lubrication, especially during overrunning, the spring
clutch offers a reliability improvement over the conventional freewheel
unit. The possibility of pitting or flaking is virtually eliminated since
there are no high contect stresses, assuming the spring has a constant
stress concentration. A cage fracture is impossible. Wear of rubbing sur-
faces is the only failure mode common to the conventional freewheel unit.
With adequate lubrication, the frequency of wear failures of the spring
clutch is anticipated to be at least comparable to the conventionals.

3.1.4 BEARINGS

Failure modes attributed to minimal lubrication are the only bearing fail-
ure modes which significantly affect gearbox hazard functions. The two
areas encountered in this study, CH-53 main gearbox planetary roller bear-
ings and CH-53 intermediate gearbox tapered roller bearings, require
different design solutions.

Planetary roller bearings represent a difficult application for lubrication.
0il is distributed to each bearing with the aid of centrifugal force from

a collector ring on the planet carrier. However, due to the relatively

slow rotational speeds of the planetary assemblies, only minimal lubrication
can be provided. This causes the bearings, as noted in Section 2.3.1, to
operate at a higher temperature than is generally recommended for AISI

52100 steel bearings.

Planetary roller bearings appear to be an ideal application for M-50 CVEM
bearings. M-50's ability to retain its hardness at much higher temperatures
makes it suitable for this application. At normal operating temperatures,
180°F to 200°F, M-50's hardness and 52100's hardness are comparable, so
normally there is little advantage in using M~50 bearings in lieu of 52100
bearings. Alternative pressure lubrication schemes to the current one
appear at best more complex.

On the other hand, the CH-53 intermediate gearbox's input tapered roller
bearings do provide an opportunity for a type of pressurized lubrication.
Originally oil was fed to both tapered roller bearings that support the
input bevel gear from a common port in the gearbox housing (see Figure 1lL).
This discussion pertains to gearboxes without the oil dam. However, most
of the o0il went to the main supporting bearing and resulted in a number of
lubrication-caused malfunctions of the preload bearing. A simple pressur-
ized lubrication system is made by placing an oil dam between the port and
the main support bearing. This forces oil past the preload bearing, into
another port, and finally past the main support bearing. The RH-53D
helicopter has incorporated this pressurized system in its improved trans-
mission at virtually no increase in weight.
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The recommendations above are expected to reduce the significance of the
associated hazard functions and to change their shape. Shape parameters are
expected to be reduced to about 1.3 for spalling failure modes and the
overall magnitude reduced by 93%. While the above improvements are not
essential for implementing on-condition maintenance, they are desirable for
improving product reliability.

3.1.5 PITCH CHANGE CONTROL ROD ANTIROTATION GROOVE

Improvements of the antirotation groove are aimed at reducing the wear rate
between rubbing surfaces. Two different schemes are described.

The first method, shown schematically in Figure 66, employs a roll pin to
allow linear motion of the pitch change control rod. The idea behind this
method is to substitute rolling friction for sliding friction and thereby
reduce the actual wear rate. The difficulties in applying this concept are
that the same materials are involved, titanium and steel, and the possibil-
ity of higher contact stresses. Higher stresses result from a line contact
being substituted for an erea contact. The only way around this is to use
more pins to reduce the stresses transmitted by each pin. Furthermore,
bearing failure modes of the roll pin assembly reduce the attractiveness of
this concept.

The second approach would maintain the current groove and would pressure
plate a thin strip of stainless steel to each side of the groove. The idea
here is to use a harder material to reduce the wear of the slot. Of course,
wear of the shaft key is bound to increase. Nevertheless, the wear of the
coupling should be reduced.

The second approach should be able to reduce fretting of the antirotation
groove. The first approach would require a detail design before en assess-
ment would be possible. In any event, while improvement is desired, it is
not essential to implementing an on-condition maintenance policy.

3.1.6 CLIPS, BEARING RETAINERS, AND LOCKING ASSEMBLIES

Improvements to clips, bearing retainers, and locking assemblies are pri-
marily aimed at making them more tolerant of their environments. While many
improvements to these items were made as a result of the improved RH-53D
transmission design, only the two most significant will be described. The
remainder will be summarized in the next section.

Improvements to locking assemblies apply to those which employ a serrated
lock washer when internal shaft vibration causes shaft serrations to wear.
Examples of these are the input retention nut of the CH-53 nose gearbox and
CH-53 accessory gearbox retention nuts. The major improvement is to employ
a Jam nut., The idea is to reduce the stress levels by distributing the
vibratory loads over the length of several threads rather than Just the
serrations. As with the lock washer, the jam nut's movement is synchronized
to the retention nut's by tangs. It is anticipated that the reduced

stresses and wear should significantly reduce the shape parameter (from ap-
proximately 1.7 to about 1.1) as well as the overall frequency for this mode.
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Figure 66.

Pitch Change Control Rod
Antirotation Groove Improvement.
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Sun gear clip improvements (see Section 2.3.9) reduce the wear rate by
doubling the number of clips and increasing the area of each clip. This
not only reduces the stresses involved but also increases the amount of
material that has to wear away before failure can occur. As a result of
these improvements, the shape paremeter and the overall frequency of
occurrence for sun gear clip wear failures are also expected to decrease.

3.1.7 IMPROVEMENT IMPACT

The effect of component improvements on generic mode hazard functions was
assessed by engineering Judgement. Each improvement's impact was evaluated
in terms of the number of failures thet might have been prevented. This in
turn was converted to a percentage improvement and the new hazard function
parameters calculated by the techniques of Appendix A, Section A.l.2.2.5.
If an improvement significantly reduced the factors influencing the shape
parameter, such as wear rate, the shape parameter was reduced based upon a
comparison with other similar installations.

Listed in Table 23 are the items responsible for improving generic mode
hazard function parameters. Figure 67 through 88 shows their benefit to
component hazard functions. The figures indicate that there would be no
significant increase in potential safety-of-flight malfunctions, and that
mission reliability failures and dynamic component removal failures would
be at levels which permit effective operation if on-condition maintenance
were implemented.

3.2 LIFE-LIMITED COMPONENTS

Life-limited components of the CH-53/5% gearboxes do not diminish the feasi-
bility of on-condition maintenance. The term life limited describes just
those components with definite retirement times rather than those with ia-
creasing hazard functions. There are no life-limited drive components in
the CH-53 gearboxes. The only component that was life-limited was the pitch
change control shaft of the tall rotor gearbox. This flight control compo-
nent has been redesigned in the latest version of the gearbox to remove the
life-limitation. The CH-54A has two life-limited components: the main
rotor thrust bearings and the main rotor shaft. The main rotor thrust
bearings were redesigned for the CH-54B and the life-limitation was removed.
The main rotor shaft is a design that is over ten years old. With the
knowledge that has been gained over the years sbout shaft failure mecha-
nisms, no problem is anticipated in designing a shaft with an infinite life.
The fact that the CH-53 shaft has an infinite life reinforces this conten-
tion.

3.3 DATA COLLECTION

Every sign in this study points to the feasibility of an on-condition main-
tenance policy for the CH-53/54 transmission. Yet this conclusion must be
verified by actual field experience. As a result, it is recommended that
field and depot maintenance of on-condition gearboxes be monitored. Such a
program is desirable to verify projection of the hazard functions as well
as to keep abreast of any problem areas.
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TABLE 23.

Aircraft Gearbox

RECOMMENDED 1MPROVEMENTS TO

Generic Component

CH-53/54 GEARBOXES

Improvement

CH-54 Main

Inter-
mediate

Tail
Rotor

CH-53 Main

Spline

Freewheel Unit Rollers

Housing

Spline =

Housing

Spline 8

Pitch Change Control
Rod Antirotation
Groove

Bolts
Sun Gear Clips
Roller Bearings

Bearing Retainer

. Add "0O" ring to grease
lubricated splines.

+ Incorporate pressurized
lubrication into free-
wheel unit to insure prop-
er lubrication during
overrunning.

. Double number of bolts
while maintaining their
original strength.

. Add "O" ring to grease
lubricated splines.

. Increase strength of mount-
ing lugs and change
material to magnésium
alloy ZE-Ll.

. Add "O" ring to grease
lubriceted splines.

. Add stainless steel in-
sert to existing groove.

. Stainless steel bolts in
lieu of titanium bolts
for planetary assemblies.

+ Additional clips of in-
creased area.

. Use of M-50 bearing for
planetary roller bearings.

. Improved bearing retainer
in the lefd hand input
accessory takeoff section
to provide increased pro-
tection against bearing
outer race rotation.

® Incorporation of "O" rings to the grease lubricated splines in these
gearboxes is considered to be essential to further reduce the peossibility

of critical spline failure.
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TABLE 23. (CONTINUED)
Aircraft  Gearbox Generic Component Improvement
CH-53 Spline 2 Add "O" ring to grease
lubricated splines.
Inter- Tapered Roller Bearings . Pressurized lubrication
mediate system.

Spline & Add "O" ring to grease
lubricated splines.

Tail Housing Increase strength of

Rotor mounting lugs and change
material to magnesium
alloy ZE-bl.

Spline Add "0" ring to grease
lubricated splines.

Pitch Change Control Rod Add stainless steei in-

Antirotation Groove sert to existing groove.

Nose Tachometer Generator Optimize tooth profile

Spur Gear geometry to reduce slid-
ing and improve lubrice-
tion.

Nuts Incorporate jam nuts in
lieu of serrated lock-
washers.

Bearing Retainer Incorporate a new one-
plece retainer to provide
improved bearing reten-
tion.

Access- Splines Add "0" ring to grease
lubricated splines

Nuts Incorporate jJam nuts in

lieu of serrated lock-
washers.

& Incorporation of "O" rings to the grease lubricated splines in these
gearboxes is considered to be essential to further reduce the possibility

of critical spline failure.
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Figure 67. Improved CH-53 Main Gearbox Dynamic
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Any data collection effort must have failure analyses performed to accu-
rately assess any gearbox removals where failure is suspected. Furthermore,
failures must be categorized so that priorities among failure modes can be
wveighted. Hazard functions could then be constructed with the techniques
that are used to establish hazard function paremeters for failure modes

with experience data.

3.4 ANALYTICAL TECHNIQUES

In future designs, it is recommended that the drive train's dynamic response
and in-plane response of all gears be evaluated to properly account for each
gearbox's operation in the intended service environment. The benefit of
such knowledge would be to better direct any development testing, to place
weight where weight is needed, and to allow careful assessment and under-
standing of any trade-offs that are intended. The actual techniques could
be empirical to reduce the cost involved. However, if empirical techniques
are used, the boundary conditions which apply must be stated and well under-
stood.

Many of the operating stresses that are experienced in the life of a gearbox
are in response to demands from the engine, and the main and tail rotor
head's moments and forces. They excite a complex network of masses,
springs, and dashpots that characteristize the gearbox's dynamic response.
The resultant frequency response of these step inputs is a measure of the
dynamic forces that could be present throughout the gearbox. Such forces
can produce low cycle fatigue or even almost instantaneous failure if not
accounted for by the design. Some of these forces will be present only a
small percentage of the time. As a result, to properly evaluate stresses
that may exist on each component, the dynamic response of the gearbox must
be understood.

The actual stresses that drive train gears experience are not a set of
concentrated loads. Each gear is not a rotating rigid body. Instead, gear
teeth experience load distributions and bending moments which cause them to
bend and create different mode shapes. While such stresses can be evaluated
in terms of'a maximum and a minimum, the structural damege incurred must
reflect the effect of all. As a result, to properly account for the
operating environment of gears, their in-plane dynamic response has to be
evaluated.
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4.0  CONCLUSIONS AND RECOMMENDATIONS

On-condition maintenance of CH-53/54 gearboxes is feasible with today's
technology on the basis of their projJected hazard functions at 5000 hours.
Current inspection techniques and diagnostic devices are adequate for im-
plementing an on-condition maintenance policy. The fact that data for this
study was obtained from aircraft that flew in Vietnam and experienced over-
torque situations reinforces the practicality of on-condition maintenance.

Certain design improvements are recommended before the implementation of
on-condition maintenance, though many are not essential. Only those im-
provements which are needed to retain the lubricant in grease lubricated
splines and to reduce the stresses in the housing of intermediate and tail
rotor gearboxes are essential. Other improvements are desirable to improve
product reliability and increase overall effectiveness of the CH-53/54
gearboxes. The fact that only a limited number of improvements are re-
commended reflects the fact that gearbox reliability is governed by rele-
tively few failure modes. Generally, three or less failure modes are
responsible for a majority of each gearbox's failures.

Concurrent with the initiation of on-condition maintenance, it is recom-
mended that data collection for gearboxes that are on-condition be insti-
tuted., This will verify the failure rate behavior predicted by this study
and provide the necessary feedback of information should any unforeseen
problems arise. This study indicates, however, that virtuelly all failure
modes that significantly affect gearbox reliability behavior at 5000 hours
are currently known. As a result, the actual failure rate behavior will be
governed by the impact of improvements on the existing hazard functions.

Future design efforts should evaluate the dynamic response of aircraft
gearboxes as well as the in-plane response of drive train gears. This
would benefit deteil component design by providing an understanding of the
dynamic environment and aid development test planning by providing better
direction.

Future gearbox designs should be evaluated for on-condition by the
methodology developed in this study. Data from Boeing Vertol's previous
study, USAAMRDL contract DAAJ02-72-C-0068, and Bell Helicopter's current
study, USAAMRDL contract DAAJ02-Th-C-0060, should be integrated with this
study's to permit a universal design philosophy for designers to apply in
the future. This would allow gearbox reliability of future Army helicopters
to be understood and incorporated in the design.
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APPENDIX A

ANALYTICAL TECHNIQUE FOR ESTABLISHING HAZARD FUNCTIONS

A.1.0 INTRODUCTION

On-condition maintenance criteria are evaluated by establishing hazard
functions for safety-of-flight, mission reliability and dynamic component
removal failures for each gearbox. Hazard function generation begins by
defining and categorizing generic component failure modes (safety-of-flight,
mission reliability, or dynamic component failure mode) in terms of their
possible effect on alrcraft performance. The impact of maintenance inspec-
tions and fault warning systems is then evaluated to determine their ability
to recategorize generic component failure modes. Resulting from this effort
is a set of failure modes which comprise each failure category. Hazard
functions are then established for each failure mode in every category from
either experience data or by various estimation methods when no experience
date are available, Finally, all hazard functions of a particular category
are combined and plotted.

A.1.1 FAILURE MODE AND EFFECT ANALYSIS (FMEA)

The failure mode and effect analysis (FMEA) determines drive system failure
modes and categorizes their effect on alrcraft reliability performance.

This study considers three general categories of failure modes for a partic-
ular gearbox. The criterion for each category is given in Tables 1 in ihe
main body of the report.

The criteria for a safety-of-flight failure mode are more encompassing than
usually encountered in doing an FMEA. As a rule, those failure modes which
cause only an immediate forced landing are not categorized as safety of

flight. Rather, they are categorized as a mission reliability failure mode.

Before commencing the FMEA, the general criteria of Table 1 were translated
into effects on drive system performance so that it could be applied to
individual gearbox performance. Those failure modes which potentially
might result in the loss of main rotor power, or tail rotor power or cam-
plete loss of all hydraulic and electrical power were tentatively cate-
gorized as safety-of-flight failure modes. Fallure modes which activate
fault warning systems were cetegorized as mission reliability failure modes,
Finally, failure modes which could result in gearbox removal were cate-
gorized as a dynamic component removel failure mode.

The FMEA was conducted by first considering the failure modes of each gear-
box component. Each failure mode was analyzed to determine its effect on
assembly, gearbox, drive system, and aircraft performance. When a fallure
mode could be placed in several categories depending upon its severity, the
worst possible was chosen first. Maintenance inspections and fault warning
systems were then analyzed to determine their applicability. Potential
safety-of-flight failure modes that could be detected by fault warning
systems and give the pilot an ample warning of impending failure were
reclassified as mission reliability failure modes. Potential safety-of-
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flight failure modes that could be detected by maintenance inspections
which eliminate their occurrence in flight were reclassified as dynamic
component removal failure modes. If an inspection did not cdompletely
eliminate the possibility of a failure mode, it was not recategorized.
Usually experience data permitted a reduction in the significance of such
hazard function for the more severe categories. When no experience date
were available, no reduction in the significance was assumed. At this
point, the FMEA was documented as shown in Figure A-1.

In Instances where a fajilure mode could be placed in several categories
depending upon its severity, the worst case was first assumed. This per-
mitted a minimal set of fallure modes which comprise safety of flight and
mission reliability categorlies to be defined. The lesser effects were then
assumed to result in a lower category failure mode. As a result, a failure
mode such as bearing spalling was placed in both the mission reliability
failure and dynamic component removel failure categories.

When all the individual failure modes were analyzed and all the failure
modes that comprise each category defined, they were summarized by generic
component. The term generic component indicates a broad class of compo-
nents. Bearings were divided into three generic components: ball bearings,
cylindrical roller bearings, and tapered roller bearings. Gears were di-
vided into two generic components: spiral bevel gears and spur gears. A
listing of other gearbox generic components can be found in Section 2.1 of
this report.

A.1.2 HAZARD FUNCTION GENERATION

Hazard functions describe how the failure rates associated with component
failure modes behave with time. The technical approach that has been
developed uses the hazard functions of individual generic component fail-
ure modes as building blocks to construct the gearbox level hazard func-
tion for each category of failure mode. The reliability distribution used
to generate these is defined by the Weilbull reliability function of the

forme '6' . The hazard functions camputed specifically apply to a single
fallure mode. The B and & which describe the hazard function as well as
the reliability function are also computed.

Two types of hazard functions comprise each gearbox's hazard function. The
first type applies to those failure modes with experience data. The second !
type applies to failure modes with no experience data due to the current
gearbox's scheduled time-between-overhauls (TBO). The purpose of the last
type is to provide an accounting of likely failure modes if the TBO's of
existing components were extended to 5,000 hours. These two types of haz-
ard functions will hereafter be denoted as experienced failure mode hazard
functions and potential failure mode hazard functions respectively.

A component's reliability and its hazard function are related. The cumu-
lative reliability, R(t), is defined as the probability of a component's
operating without failure between a time T = 0 and & time T = t. The haz-
ard function, h(t), is defined as the instantaneous failure rate of the
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component at a point in time. The relationships between h(t) and R(t) are
as follows:

£

R(t) = e~ § B(E)aE (A-1)
. 1 3R(t)

B(t) = - Fo - [ 3t (A-2)

vhere e 1is the base of the natural logarithm
£ is used es an integration variable to permit evaluation of
the integral.

In the case of a single generic component failure mode, R(t) is defined as
the Weibull reliability function as follows:

- (Hf
R(t) =e ‘o (a-3)
where B is called the shape parameter i

6 is called the size parameter

The corresponding hazard function, h(t), is given by

n(t) = & [ %] (A-})

If a particular failure mode is described by a combination of character-
istics such as wearout or infant mortality, each must be described by a
separate hazard function.
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A.1l.2.1 EXPERIENCE FAILURE MODE HAZARD FUNCTIONS

The technical approach given in the following section derives a method for
computing the confidence interval of the hazard function from experience
data when the reliability distribution is defined by the Weibull reliabil-
ity function given in equation (A-3). The hazard function computed per-
tains to a single failure mode. The advantage of the method is that it
allows the hazard functions to be approximately computed with any desired
statistical confidence level and interval.

A.l1.2.1.1 DISCUSSION

The data base used for this study contains instances of components that
were removed from the aircraft that did not fail, such as no defect re-
movals or high time removals. The data base also accounts for the oper-
ating time of components that were still in service when the data sample
was terminated. Thus, there are data points that represent components
that were not permitted to fail and which still had "good time" on them.
Such data points are called censors. Since these components occur at
different operating times, the data base is said to be multiply censored.
The component operating times used for this study are the operating times
since overhaul. This, rather than the time since new, is used because
the gearbox after overhaul is presumed to have been restored to a new
condition. This is equivalent to assuming that new gearboxes and over-
hauled gearboxes are from the same distribution.

A.1.2.1.2 ESTABLISHING CORRELATION

Before computing the hazard function parameters, a check is made to see if
it is appropriate to associate a single size and shape parameter with a
single failure mode. The check begins by plotting the data on Weibull
graph paper, accounting for censored data that may occur between failures.
The data points are then statistically tested for correlation. If the
data are correlated, a visual check is made to see if a straight line can
be passed through them.

Weibull graph paper plots the percentage of items failed under test versus

the age of each item when it faeiled. The coordinates of the graph paper
are

1
(240 2020 ey )

vhere ti is the failure age of the ith failure

F(ti) is the probability thet any item under test will fail
on or before time ti
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The correlation test tries to determine if a relationship exists between
the percentage of items failed and the time of failure for datae points of
a particular feilure mode. One difficulty in this process is that there is
only one sample. If a large number of identical samples existed, the first
failure of each would occur at different times, corresponding to different
fractions of the total population. This produces a distribution of first
failures approximated by the binomial probability distribution. It can be
assumed that each successive failure represents the fraction of the popula-
tior respresented by the median of all failures of the same order number;
for example, all first failures have order number one, all second failures
have order number two, etc. The "median rank" thus determined will be too
high approximately 50 percent of the time, and too low 50% of the time.
However, when a line is fitted to the data, the errors tend to cancel.

When censored data arecontained in the sample, a method must be developed
to determine the "median ranks". A good method is one described by
Johnson. In this method, the failures following a censored* item or items
are assigned a mean order number by use of the following equation:

(N + )1- I,
Im ™ Ia A 1 ;f N (A-5)
s
where Im is the mean order number

Ia is the previous order number

N is the number of units in the sample
Ns is the number of items at time of censor

The mean order numbers are used to determine interpolated median ranks,
and a plot consisting only of failure points is used to determine corre-
lation.

The procedure for plotting the data on Weibull paper depends on simply
establishing the median ranks of failure data. All the data are first
arranged with their operating times since overhaul put in ascending order.
Failures are then ranked in ascending order. Each failure is assigned a
median rank in accordance with its order. The median rank, R, of the
ith order failure can be determined by expanding the binominal to i terms,
equating it to 0.50, and solving for R as shown in equation (A-6).

1-1
N =\N=J (=d .
0,5 = [ ) (1 -R) (R) (A-6)
Eo(3)

isohnson, L. G., "The Statistical Treatment Of Fatigue Experiments",
Elsevir, 1964, American Elsevir, N.Y.

*In Johnson's method censored items are called suspensions.
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Figure A-2. Typical Weibull Plot

189

o
BT DR (A S «';{,ﬂ1";j,g§3w,hx.:,g~?l



vhere N = the sample size

The solutions to equation (A-6) for sample sizes less than 50 can be found
in Table A-1l of Reference 15. For sample sizes greater than 50, the median
rank can be determined from equation (A-T).

Rl =y (A-T)

When censors are encountered, equation (A-5) is used to determine the mean
order number. Median ranks are linearly interpolated from those of inte-
gral ordered feilures. Figure A-2 shows the Weibull plot that results
from this process.

If the unreliability, F(t), is of the form shown in equation (A-8), then
it is easy to show that equation (A-9) follows.

(%8
F(t) = 1 -e '8 (A-8)

1 -
lnln[l_-ﬂ_t-d = =Blné + Blnt (A-9)

The assumption that a particular mode's reliability is given by the Weibull
t\8

-(=)

distribution of the form e (e' is verified by examining the data points.
From equations (A-9) and (A-8) it follows that verification is achieved if
a smooth straight line can be fitted through the data points. Determining

if a correlation exists between 1nln[i:%T€7] anc lat from the data points

necessary in order to verify that a relationship exists between them.

This is done by Fisher's correlation coefiicient test., The method consists
of postulating that no correlation exists and rejecting such a hypothesis.
This is done by least-square fitting a line through date points calculat-
ing the correlation coefficient (see Refer:=nce 17 for the definition

of a correlation coefficient) and comparing it with the maximum value

15Mitchell, Robert A., "Introduction to Weibull Analysis," PWA 3001,
Jenuary 6, 1967. .

l61":lsher, R. A., "Statistical Methods lfor Research Workers," Oliver &

Boyd Ltd., Edinburgh and London, 1948.

homan, Darrel R., Bain, Lee L., Antle, Chrrles, E., "Maximum Likelihood
Estimation, Exact Confidence Intervals for Reliability, and Tolerance
Limits in the Weibull Distridbution," Technometries, Vol. 12, No. 2,
May 1970.
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that can be expected by chance for the amount of data involved, if there
wvas no correlation. The correlation coefficient is computed fram the
following equation:

[ f f f
(¢t x,¢v) - (£ X, .¢ YY)
r lgeg L2 g=1 *  gm 1
i f f f n
2
ez ) -z x)?) ez ¥y-( 1%
i=1 i=1 i=1 i=1
where r = correlation coefficient th
Xi= lnti where ti is the age of the i~ item that failed
Y.= 1nln 1 vhere F(t,) is the medien rank of the
i 1-F Ztij
ith failure

f = the total number of failures

Fisher has shown that the statistic p is related to the "student t"
statistic t as follows:

02 - £2
t2 + g2

Once the data points are proved to have same correlation, a visual check is
made to see if a strajght line can be passed through them.

If the data proves to be uncorrelated or if it appears that a straight

line cannot be fitted through the pnints, then the data must be partitioned,
censored (see Reference 15), and replotted. Visher's test is then re-
peated. Eventually, this process will yield & proper set of failure modes
vhich have a single value of B and 6 associated with them,

For the data plotted in Figure A-2, the computed correlation coefficient
is 9747, end the statistic for the correlation to be valid within 90% is
.8050. Hence, the data are correlated within 90% confidence.
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A.1.2.1.3 HAZARD FUNCTION CONFIDENCE LIMITS

Once it has been verified that particular shape and size parameter can

be associated with a single failure mode, experienced failure mode hazard
function generation can commence. It has been seen by equations (A-1) and
(A-2) that reliability and the hazard function are related. Having con-
fidence in R(t) is equivalent to having the seme confidence in h(t), even
though the statistic used to test h(t) and R(t) may have different numer-
ical values. This is easily seen if it is recognized that a hazard funec-
tion is the instantaneous probability of fajlure, given that the component
has survived to that point in time. Therefore, to have confidence in the
cumulative process, one must have confidence in all the instantaneous
processes which are a part of it. The relationship between the two sta-
tistics will be given later.

The confidence interval for h(t) is given by two statistics ¢, and ¢, ,
such that

Probability (¢, <h(t) < ¢ ) = 1 -y (A-10)
where y is the probability that the estimates of the hazard function are

in error. The confidence interval for R(t) is given by two statistics
¥y, and Wu,such that

Probability (wL < R(t) < wu) = 1.y (A-11)

where y is the probability that the estimates of relisbility are in error.
The relationship between ¢ and V¥ is then derived from equation (A-2) as
follows:

. [ awum'
o (t) = Yt % | (A-12)
L [ oy (t)

The meximum likelihood estimator of reliability is the most probable value
of reliasbility from the data that are available. This means that any
other estimate of reliability will be less likely for any value time t.
The values of B and ¢, which describe the reliability when it is defined
by the Weibull distribution, are computed to maximize the probability that
events occur the way they did. This latter probasbility will hereafter be
denoted as L.

Reference 17 shows that the distribution of the maximum likelihood
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estimator, R(t), of the reliability R(t) depends only on R(t) and N, where
N is sample size involved. Reference 17T demonstrates this by showing that
R(t) depends on g, g, and t through R(t) and then studying the distribution
of R(t) empirically. It should be noted that if reliability, Yy, is de-
fined as the number of components surviving a test compared to the total,
N, at any time, t, then the variance of Yy is always given by

R(t) (1 - R(t))
N

no matter how the probability distribution of Yy is described.18 This
result follows from the properties of the binominal probability law,
assuming that all N items are from the same statistical population. Thus
it is expected that the variance of R(t) is a continually varying function
of time.

It is important to note that the variance and the distribution of R(t)
depend on the total sample size and not the number of failures. This will
allow meaningful confidence intervals to be computed when they are only a
few failures of a particular failure mode in a large sample.

The meximum likelihood estimates of reliability are directly computed from
the maximum likelihood estimators of B and 6. This result follows from

. the fact that the maximum likelihood estimate of a function of several
parameters is that function of the maximum likelihood estimate of these
parameters.19 A likelihood function L of n random variables Xj, X2, ...,
X expresses the relative likelihood that these variables assume & partic-
ular value, X3, X5, «.., Xp. In our study, X is the observed time of the
ith ordered failure (Xj > Xj-1). Reference 20, has shown that L for
multiply censored data is given by

n k ri
L = C T £(X;5 6, 8) m “‘F(Ti)) (A-14)
i=1l i=1
k
when N = n+ L ri
i=1

18. Parzen, E., "Modern Probability Theory and Its Application", John
Wiley & Sons, Inc. Publishers, Sixth Printing, 1964, Page 229.

19. Mood, A.M., Graybill, F.A., "Introduction to the Theory of Statistics",
McGraw-Hill Book Co., Inc. Second Editicn, 1963.

20. Cohen A., Clifford, "Maximum Likelihood Estimation in the Weibull
Distribution Based on Complete and on Censored Samples",
Technometrics, Vol. 7, No. 4, Nov. 1965.
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and where
n

'
i=1
C is a constant

f(X,; 8,B) is the Weibull probability density function

at time xi and the size and shape parameters have
the value™ fand B
th

Ti is the ordered time (Ti > Ti-l) when the i"“" cen-
sored item was removed from the aircraft.

?—l is an algebraic sum of functions 1 through k.

is a product of functions 1 through n

i’

r, are the number of survivors that are removed at

i time Ti with the itB censor.
F(Ti) is cumulative unreliability, i.e., l-R(Ti),

which is a function of the same B and 6 that
f(xi; 8, B) is given by.

n 1is the number of failures.
is the number of censors.
N is the sample size.

The maximum likelihood estimates B, © of B, 0 are found by solving the
following equations:

3L _ L _ (a-15)
% - %8 - °
which results in B being found from the following equation:
n ‘é k 3 .
- ni X In Xi + I _ r, Ti lnTi )
n i=1 i=1
O=s=+1 1n Xi - 5 " X "
B 1= L xi‘3 + 3 or TiB (A-16) b
i=1 i=1 H

and then being substituted into the following equation:

5 B + z
1’ o
i - 5 (A-17)

Equation (A-14) may be solved using a commercially available progrem
RTMIT ,which is part of the IBM System Scientific Subroutine Package.
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To verify that the solutions obtained for é. 5 maximize L of equation
(A-14), the following theorem is used.Z21

"Let z = f(x,y) be defined and have continuous first and second partial
derivatives & domain D. 3% 3z
Let (xo, yo) be a point of D for which 3% and 3y are O.
Let 2 2 2
J°2 d 372
A = (X,Y)9B=—(xiy): Cs= (X,Y)
ax2 o’ Yo', o’ “o'" | )ay2 o” "o

Then a relative maximum at (xo, yo) exists if B2-AC<0 and A+C<0 "

R .t _ ~B
Letting z =L, x =8,y =0, 9% =06 regults in*

o} (o]
A K
140 ; A-18
A=-B -,-*( . xi‘3 n? (x)+z r 1" In (Ti)) iz z0)
8 6 i=1 i=1
n o k a
p= 4 — ( t x mx 4z 7.® 1n Ti) (A-19)
(6%)° \ i=1 i=1
n 2 k a
8 B
_ n r X, +1I r, T \
C=- e ( E R R (A-20)

Hazard function confidence intervals are obtained by applying equations
(A-12) and (A-13) to the reliability confidence limits. It is not gener-
ally possible to characterize the upper or lower confidence limit of the
hazard function, ¢u(t) or @L(t), by a single B and ® when the hazard

function is expressed by equation (A-k ).This will lead to confidence
limits crossing each other when the B describing the upper limit and the B

21. Kaplan, Wilfred, "Advanced Calculus," Addison-Wesley Publishing
Company, Inc., Fifth Printing, July 1959, Page 126.

* Equations (A-18) through (A-28) were derived from a Weibull reliability
t
Distribution of the form e 6 to simplify the algebra. Clearly,
o = GB. Since the maximum likelihood estimate of a function of

several parameters is that function of the maximum likelihood estimate
of these parameters, it follows that

6 = o°

195

T
v

R
11_ >
—NEA )

x:



describing the lower limit are both greater than 2 |l Empirical distribu-
tions for the maximum likelihood estimate of reliability that were avail-
able were not complete enough to permit evaluation of equations (A-12) and
(A-13). As a result, an asymptotic method was used. The method is accur-
ate when sample sizes are greater than 100 provided that the lower reli~
ability confidence limit exceeds .00l. Accuracy is bas2d on being able

to evaluate the upper and lower confidence limits to within .00l. When
the sample size 1s less than 100, errors in the reliability assessment
range fram .002 to .007.

When tbe sample size is large, the confidence limits for reliability, R(t),
can be obtained by assuming that the maximum likelihood estimate of reli-
ability, R(t), is normally distributed with mean R and variance, V(R),

equal to the Cramer-Rao Lower Bound. Hence, the lower confidence limit
would be:

L, = R-u V(R) % (A-21)

wvhere u is the Yy percentage point of the normal distribution (see Refer-
ence (AJd)). Similarly,the upper confidence limit would be

U, = R +u V(R) % (a-22)

When the reliability distribution 1s defined by the Weibull distribution

t,8
of the form - (E) » equations (A-12) and (A-13) permit the upper and
lower confidence limits for the hazard function to be evaluated as follows:
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¢ = hit)R(t) + Yy - 2h(t)V(R) + 28 V(R)
’ 2lvig)] 2 L ¢ 1

ﬁ-uY [V(I‘i)];2

(A-23)
Y- . .
u [Rl"R l -5l v12168 n (m B
2l v(R)| * N
+
Ro-u [vi] *
o, = h(tR(t) - % {- 2h(t)V(R) + 28 V(R)
2 V(R) t
- ~ ‘%
R + uY [V(R)] (a-2h)

~ A 2 a
u [RlnB] {_ ,511;% + 1.216 £ 1n (-lnﬁ)}
_ 2 |V(R) % N

heu [VR)] ¥

ctjoo>

where fl(t) is the maximum likelihood estimate of the hazard function, N

is the sample size, and B 1s the maximum 1ikelihood estimate of the
Weibull shape parameter.
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A.l.2.2 POTENTIAL FAILURE MODE HAZARD FUNCTIONS

Potential failure mode hazard functions ate computed from several analyti-
cal techniques that predict either the expected life or the probability of
failure after a certain amount of operating time. These techniques gener-
ally provide a relative weighting of the failure modes to each other. To
properly reflect the behavior of gearboxes where datae were available, these
techniques must predict a level of reliability that is compatible with no
failures being experienced during that time. The techniques described be-
low have been applied to the CH-53 nose gearbox.

A.1.2.2.1 INCIPIENT FAILURE MODES

There were a number of gearboxes that survived their overhaul period for
which the condition of parts removed at overhaul indicated that failure
was possible before the next overhaul period. Admittedly, engineering
Judgement must be used to distinguish between these parts and those for
vhich fallure is less likely. It is possible that all the parts could have
continued in service and were merely replaced to maintain aircraft quality.
Such potential failure modes are termed incipient. The discussion below
assumes that the reliability distribution is defined by the Weibull

L,k
reliability function of the form e_(e) « As in the previous zection, the
g's and ¢'s, which describe the hazard function as well as the reliability
function, pertain to a single failure mode.

Incipient failure mode hazard function parameters, B and , are computed
from gearboxes that had survived an entire overhaul period without removal
but had parts replaced at overhaul whose condition indicated that failure
was possible before the next overhaul. The expected number of failures

from the historical data are equated to the number computed from probability
theory. The equations are then solved to determine B and 6.

The number of failures expected (i.e.,the average number of failures) in
the next overhaul period if overhaul were postponed for an additional TBO
period is always given by

nQ (a-25)

wvhere n is the number of gearboxes that survived the previous overhaul
period, and Q is the probability of failure (i.e., the unreliability) in
the next overhaul period given that a gearbox survived the previous
overhaul period.

This result follows from the properties of the binomial probability law
assuming that n items, new gearboxes and overhauled gearboxes, are from
the same population no matter how the reliability distribution is defined
(see Reference 18).
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The conditional probability of failure in the interval T2

1isbility distribution is @ = HTp) = (Ty) (A-26)
R(T
1

- Tl for any re=-

where Q(T2), Q(T1) is the cumulative probability of failure from T = 0
to time T = Tss T, (see Reference 22).

The field data indicated that many gearboxes were removed for their sched-
uled overhaul when their operating time since overhaul wus less than the
stated TBO. As a result, there was a distribution of times for T;. To
simplify the algebra and to get the largest population size in oraer that
results not be overly conservative, the lowest operating time since over-
haul was chosen. It will be seen shortly that the level of reliability
vhich can be established with any degree of confidence is limited by the
sample size. The time T, is operating time since overhaul if the gearbox
had survived another fuﬁ TBO, that 1s,

T2 = Tl + TBO
When the reliability distribution is defined by the Weibull reliability
function, equation (A-26) becomes

T
(28

e—)) - (1

T.\8
e-(_%)

T
1.8
e

Q=(1-e" )

(28 - B
g=l-e 0 6
If m is the number of expected incipient failures from the historical data,

and equation (A-27) is substituted into equation (A-25), and the number of
failures computed by (A-25) is equated to m, then

T T
2,8 1,8
(2P - (B

m = n(l-e (A-28)

22. Bazovsky, Igor, "Reliability Theory and Practices", Prentice-Hall,
Inc., Publishers, Third Printing, 1963, Page uli.
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B, Epstein23 has shown that a lower limit estimate of reliability can be

obtained if n items are placed on test for td hours and there are r fail-
ures as follows:

R(t,) = . (A-29)
r+l
L n-r Fa;2r+2; 2n-r

vwhere F is the upper o percentage point of the F distribution, with the
corresponding degrees of freedom. The following statement can be made
about this estimate of reliability. There is a probability of 1 - a that
the true reliability for t. hours is equal to or larger than R (t.). This
estimate is nonparametric and is valid for any reliability distrigution.

If no failures occurred in time td’ Equation (A-29) reduces to
1

r(ty) = X (A-30)
& +[;1 Fa; 2r+2; 2n
Letting t_. = T, and the reliability distribution be defined the Weibull
reliabiligy function, Equation (A-30) becomes
T. B
-3
e 6 = (A-31)

1
1
l"[n]Foz;2;2n

Equations (A-28) and (A-31) permit solution for B and 6 to establish the
hazard function of incipient failure modes. The results are

In (142 F ., ,) - (1 -2)
g=1n | Q@D F ., ) e
i
1n (EI )
T
6 = 1 (a-33)

m /8 (1 +(%) F )

oy 23 2n

23Epstein, B., "Estimation From Life Test Data," IRB Transactions on
Reliability and Quality Control, Vol. RQC-9 (April 1960).
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An g = 50% was used for all incipient failure mode hazard function estimates

(see Section A.1.2.4). As a result, F ~2'2n§l' This means that the larger
[s R

the value of n, the closer R(ty) of equation (A-30) approaches unity. It
makes sense that fewer failures result in a higher percentage of survival.
Conversely, the smaller the sample size,the lower is R(td). Therefore,
when there are no failures, small simple sizes, not time, 1limit the level
of reliability that can be established.

A.1.2.,2.2 INTERFERENCE THEORY

Interference theory is an analytical technique developed by the Rome Air
Development Center (RADC). The method is documented in References 24 and
25. The basic idea behind interference theory is that a given part has
certain physical properties which, if exceeded, will result in failure.
The factor which may cause these properties to be exceeded is the stress
imposed by the operating conditions. Thus, it is not the stress alone or
the strength alone that is the determining factor, but the combined effect
of the two. Within the limitations that the material be ferrous (carbon
and alloy steels, stainless steels and other miscellaneous base material
steels) or nonferrous (aluminum alloys, titanium alloys, magnesium alloys,
cobalt alloys, copper alloys, nickel alloys and miscellaneous nonferrour
alloys) and the failure mechanism be fatigue, the reliability of almost an
unlimited number of parts can be predicted. While the method is based on
considerable empirical data and has sound theoretical basis, RADC does not
think the data sufficient to permit confidence intervals to be established
for the probability of interference (failure).

Interference theory supposes that the strength of a manufactured item is
not known with certainty prior to performing some test on it and that the
stress induced by a load is not known with certainty prior to actually
loading the part. For a multiplicity of reasons, strengths of seemingly
identical parts are not exactly the same, and precisely what strength a
part will have cannot be known until some type of strength test is per-
formed. In the theory of probability, one says that the strength test of
a part is a random variable. The same type of reasoning applies to the
stress. Thus, for interference theory, one starts with the idea that
strength is a random variable, say, X, and stress is a random variable, Y.

If X is any real number, then there is a probability that the random vari-
able takes some value less than or equal to x. Symbolically, Pr(Xgx).
One defines a probability distribution function, F(x), by the relation

F(x) = Pr(Xgx) (A-34)

24, Lipson, C., et al, "Reliability Prediction - Mechanical Stress/
Strength Interference", RADC-TR-66-710, March 1967.

25. Lipson, C., et al, "Reliability Prediction - Mechanical Stress/
Strength Interference (nonferrous)", RADC-TR-68-403, February 1969.
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In many applications F(x) has a derivative for every value of x, and one
defines the probability density function, f(x), by

o OF(x)
tlx) = "% (A=35)

A property of f(x) is that

f(x)dx = Pr(x<X<x+dx) (A-36)

(i.e., the probability density function multiplied by dx is the probabil-
ity that X takes values in the neighborhood of x).

In the mathematical theory of interference,one assumes that the probabil-
ity functions for the random variables X and Y are known. Failure is
sald to occur whenever the stress exceeds strength. From the known prob-
abilities for the X and Y random variables, the probability of failure
is given by the relationship

Pr (failure) = Pr(YsX)

Reference (24 ) and ( 25 ) show this probability as given

Pr (failure) = é" éy £(x)g(y)axdy

(A-37)
vhich can be reduced to one of two equivalent forms:
Pr (failure) = {;w Flyle(ylay
(a-38)
or
Pr (failure) =1 - ° £(x)6(x)ax (a-39)

In general, these integrals cannot be expressed in terms of well-known !
functions and thus have to be integrated numerically. The numerical pro- !
cedures and tabulated results are given in References 24 and 25.

The strength distribution used in the above expressions were derived from
empirical data. For nonferrous materials, sets of strength data (S-N
type) were studied. Each set was defined in terms of the type of mater-
ial, type of loading, surface finish, stress concentration, heat
treatment, temperature, and corrosive environment. Five distributions
(Weibull, normal, log mormal, largest extreme value, and smallest extreme
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Value)* were least squares fitted to each set of the fatigue strength

data, and the correlation was coefficient calculated to measure the good-
ness to fit. The distribution with the largest correlation coefficient

was taken as the best-fitting distribution. For ferrous materials, the
Weibull distribution was universally adopted, and the parameters associated
with each set of strength data were determined by graphical methods.

The stress distribution used in the above equations is assumed to be
normally distributed. The mean operating stress is calculated from the
loads imposed on a given part. For the purpose of this study, these loads
are conservatively assumed to be the meximum design operating loads.
Furthermore, it is assumed that o = ,lu.

The difficulty in applying this method is that for complex structures,
computing the operating stress becomes very difficult. It is also time-
consuming when many simple structures are involved.

A.1.2.2.3 MISCELLANEQUS TECHNIQUES

While interference theory could be applied to gear pitting, tooth fracture,
and bearing spalling, existing industrial standards were used since they
are somewhat easier to apply. References 26 through 31 document the
technique for gears. The technique is similar to the one above, in that
an operating stress is compared with an allowable stress for a predeter-
mined probability of failure. The advantage of this technique is that it
permits easy computation of the stress distribution once the transmitted
loads are known. The technique is intended specifically for gears in
which the tooth contact has been developed to give a suitable pattern in
the final mounting under normal operating loads.

*  The probability density functions for these distriburions are defined
in Appendix B.

26. "Design Procedures for Aircraft Engine and Power Take-Off Bevel
Gears", AGMA Standard 431.01, March 196k,

27. "Design Procedures for Aircraft Engine and Power Take-Off Spur and
Helical Gears", AGMA Standard 411.02, September 1966.

28. "Surface Durability (Pitting) of Spur Gear Teeth", AGMA Standard
210.02, January 1965.

29. "Surface Durability (Pitting) Formulas for Spiral Bevel Gear Teeth",
AGMA Standard 216.01, Jan. 196k.

30. "Rating Strength of Spur Gear Teeth", AGMA Standard 220.02, August,
1966.

31. "Rating the Strength of Spiral Bevel Gear Teeth", AGMA Standard
223.01.
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The first two are similar in the sense that they directly ellow computation
of the probability of failure as function of time (damage cycles). Once
the probability of failure is known for two points the hazard function
parameters B and 6 can be calculated. For this study, one of the points
chosen is the level of unreliability established by those gearboxes that
survived the TBO period. The other level of unreliability at some future
operating time is then computed by one of the above techniques.

Bearing Spalling - The technique for computing the hazard function
parameters for bearing spalling is based upon SKF Industries Incorporated's
method for calculating bearing lives, which is documented in Reference 32.
The method allows the probability of failure to be calculated as &
function of time. It accounts for bearing operating loads, materials, and
processes, and lubrication. The value of can be simply computed from
the following expression:

1
ln T-a

B = 1n In (1.11)

in @y

where o is a level of unreliability less than 10% and ;] is an adjustment
factor corresponding to increased reliability that was developed from SKF
fatigue test data on more than 2500 bearings. Substituting various sets

of ¢ and oy reveals that g = l.56t.l. The value of 6 is computed with
this value of g and the level of reliability (1 - o ) at a given point in
time computed from Feference 32;. SKF's method assumes that proper con-
sideration has been given to bearing size for the application. Undersizing
of shaft and housing structures by using bearings which appear adequate
from only a normal fatigue 1ife viewponint could lead to problems in fitting
and misalignment which would tend to distort internal bearing loading and
reduce the estimated fatigue life.

Gear Scoring - Gear scoring hazard function parameters are estimated much
differently from those discussed above. Geur scoring is usually the re-
sult of the lubricant not heing able to sustain a film of sufficient
thickness to prevent metal-to-metal contact during gear meshing. Gear
scoring, when present, usually results in very rapid gear wear. The cri-
teria arecharacterized by the flash temperature index. The index can be
thought of as & threshold, above which the Weibull distribution would have
a slope (B) much greater than one and below which B = 1. The method for
calculating the flash temperature index is documented in References 33 and

32. "SKF Engineering Data', Copyright 1973, SKF Industries, Inc.,
Philadelphia, Pa.
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34. The flash temperature index is based upon gears sliding relative to
one another during meshing. It is computed from estimating the maximum
temperature rise at the critical point of contact on the tooth surface and
adding it to the oil inlet temperature. The index is compared with an
allowable which represents a threshold value as mentioned above. The al-
lowables are computed for a fixed* probability of scoring, for example, 5%.

In the current study B was assumed to be equal to one since there were no
previous occurrences of failure. The value for 6, the size parameter of
the Weibull distribution, is then calculated using the common chi-square
statistic. If a new design were being evaluated, the flash temperature
index would be computed to verify that it was below the allowable. The
value for 0 would then be estimated from previous generic data.

Bearing Smearing - Bearing smearing like gear scoring usually results from
tle lubricant not being able to sustain a film during operation. Bearings
do not exhibit the seame degree of sliding as gears. Generally, bearings
mostly roll with only a small amount of intermittent skidding. While there
are no standardized criteria, as for gears, most literature indicates that
an elastohydrodynamic lubricant film parameter (A) of less than 1.5 usually
results in excessive skidding (see References (32) and (35)). A is defined
as the ratio of the lubricant film thickness to the composite surface
finish. 1In the current study, there is no need to compute A since no fail-
ures were observed, so that B can be assumed to be equal to one by the
reasoning used above for gears.

Fretting Wear - The hazard function parameters for generic devices exhibit-
ing fretting wear are computed using the results of research documented in
Reference 36 . The technique computes the average life based upon the
number of cycles tlat it takes to remove a fixed amount of material from
surfaces that are subject to fretting wear. The number of cycles are
converted to a time and equated to the mean time to failure predicted for
an item whose reliebility is defined as a Weibull distribution, which is

*  Fixed means time invarient.

33. "Gear Scoring Design Guide For Aerospace Spur And Helical Power
Gears", AGMA Standard 217.01, October 1965.

34. "Scoring Resistance Of Bevel Gear Teeth", Gear Engineering Standard,
Gleason Works, March 1969.

35. Shurka, L.C., "Elastohydrodynamic Lubrication Of Roller Bearings",
Journal of Lubrication Technology, April, 1970.

36. Stowers, L.F.; Rabinowicz, E.; "The Mechanism Of Fretting Wear",
Journal Of Lubrication Technology 1973.
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given by
6 - T (1+1/8)

where I' is the gamma function
B8, 6 are the hazard function parameters

This along with the level of reliability established by gearboxes surviving
to the TBO permit calculation of B and 6 .

Exceptions - The proposed approach accounts for all potential failure mode
hazard functions except cage fracture, nut loosening, bearing brinel-

ling, excess wear of gear and bearing surfaces, and housing cracks. For
these, analytical methods are not practical, It would be a difficult task
to try to compute stresses that exist in a typical gearbox housing. In the
case of cage fracture, the calculations would be meaningless. Most cages
are overdesigned in terms of the stresses that are applied during

normal operation. Cage fracture usually results from either lubrication
failure or debris becoming lodged underneath the cage and exerting high
local stresses. Stresses that cause locking devices on shafts to shear,
vhich in turn allow nuts to back off, result from transient loadings that
exist from time to time on a particular shaft. To predict these stresses
would require a very complex dynamic analysis. Fortunately, there are
generic data available to estimate the shape of the hazard function for
gearbox housing cracks, but for the other modes this data is not generally
available. As a result, engineering judgement mu t be used.

A.1.2,2.4 BOUNDARY CONDITIONS

The methods discussed in the previous paragraphs of Section A.1l.2.2. pro-
vide a ranking of each failure mode's contribution to the total reliability
established by all potential failure modes. The reliability predicted for
all poteatial failure modes cannot be less than the level of reliability
established by the lower confidence limit at each data point where there
are no failures. This, in effect, constitutes a set of boundary conditions
on the potential reliability predictions.

The level of reliability established by the lower confidence limit esti-
mate is given by equation (A-30), that is,

1
Rp(ty) = (a-40)

1
+....
1 P Fa;2;2p |

where tp is the operating time since overhaul of any data point in
the samples of a particular gearbox
p 1is the number of gearboxes remaining in the sample at

time t,. p reflects the total sample size less any gearboxes
that were previously removed as either failures or censors.
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The level of reliability predicted for all potential failure modes is
simply the product of the individual relisbilities associated with each
mode. This assumes & series reliebility model. As a result, the pre-
dicted reliability, Rpred(tp)’ at any time tp is given by

*pfa
- d - (=)
Rpred(tp) =% ° Y
Q=1 (A<b1)
a4 t_B
Az (320 4
= e q:l Q

where d is the number of potential failure modes associated with a partic-
ular gearbox.

The boundary condition for predicted reliability is obtained by combining
equations (A-40) and (A-L1) as follows

1 (A-k2)

ilp

+—
P a; 2; 2p

Equation (A-U42) must hold for all data points in the sample. Whenever it
does not, each of the 6 must be increased. The term inside the bracket

of the exponent of equa%ion (A-42) represents the expected number of fail-
ures in t_ hours. This 1s more easily understood if it is remembered that
the expongnt represents the area underneath the hazard function curve (see
equation (A-1)). As a result, when equation (A-42) does not hold, it
means that results are too conservative. To satisfy equation (A-42), the
expected number of failures for each mode are proportionately decreased
by the relative amount the mode contributes to the total. If the expected

"q

t B
d
oy
e |q=1 q >

1

t
number of failures for each mode is (320

q

d t B

end the amount for all modes is I (2) % then the number of expected
- q

failures that each mode must be decreased by, ALLCq, because

4 {3115*1
ALLCq = % '§ (A-43)

a
I (&)1

Q=1 “g

where f is the excess number of failures predicted, which can be computed
from the following equation
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Rpred (t_) (A-bL)

RL(tp)

The size parameter that permits the boundary conditions to be satisfied,
eq , 1s computed from equation (A-L5).

4
6% = 2
q

1/8 (A-b5)
(—}‘-’-—)Bq - ALLC, :

q

A.1.2.2.5 CATEGORY POTENTIALS

Many failures, as mentioned in Section A.1.1, could be placed in several
categories, depending upon their severity. Frequently, failures were
observed in one category but not in another; for example, fallures were
observed in the dynamic component removal failure category but not in the
mission reliability category. The fact that there are fewer failures in
the mission reliability category than in the dynemic component removal
failure category is indicative of the amount of warning that inspections
and fault warning systems provide for common failure modes. To apply the
procedures of the previous section to mission reliability failures and
safety-of-flight failures would result in an artificial reduction of poten-
tial failure mode hazard functions.

Potential failure mode hazard functions of missior reliability failures and
safety-of-flight failures reflect experience data. When there were exper-
ience data for dynemic component removal failures but not any other cate-
gory, the approach reflected it. If no experience data were available for
dynamic component removal failures, hazard function parameters for mission
reliability failures or safety-of-flight failures were assumed to be iden-
tical to the dynamic component removals. The only exception to this was
when the number of failure modes in the mission reliability category or
safety-of-flight category was less than the number in the dynamic component
removal category.

When experience data existed only for dynamic component removal failures,
hazard function parameters of other categories were computed from the re-
liability associated with these categories. The reliability for mission
relisbility failures must reflect either no dynamic component removal

failures occurring orno mission aborts resulting from dynamic component NN
removal failures. As a result, mission reliability is given by S
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3

P(uo mission abort) = P(no dynamic component removal failure)

+ P(dynamic component removel failure) a P(no abort re-
sults from dynamic component removal
failure ) (A-)-I»G )

P(no abort results from dynemic component removal failure) is evaluated
using equation (A-30) and the number of dynamic component removal failures,
n. Equation (A-46) is applied to the last time that a dynamic component
removel failure was observed, t, to evaluate P(no mission abort), assuming
that the shape parameter is constant and that the size parameter in-
creases from ¢ to el. Thus, if the number of dynamic component removals
were n,

equation (A-46) becomes:

t \8 1.8
-EE | -

- (3)6) 1
g .

e + (1-e ‘0 1
& +(50 Fu;2;2n (A-b7)

This equation cen then be used to solve for 9.

A.1.2.3 COMPONENT HAZARD FUNCTIONS

The component hazard function for any category of failure mode can be cb-
tained by adding the contributions from generic component failure modes.
Mathematical models for relating generic component failures to gearbox
level failures were assumed to be serial for this study. This means that
eany single generic component failure can cause gearbox failure. To evalu-
ate the gearbox level hazard function, equation (A-2) is used. For a
serial model, the gearbox reliability, Rg(t), is related to the generic

comp¢uent failure mode reliability, Ri(t),as follows:

k

Ry (t) = I=1 Ry (t) (A-48)

where k is the number of generic component failure modes
k is the product of functions 1 through k,
m
i=1
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Substituting equation (A-48) into (A-2) results in

by (8) = C e d B ) (A-b9)
1 Ri(t) i=1
i=1
k 3R,(t) ] k
S =L 5 3;1 ? Ri(t)
i-1 =1 _
¥=1 Ri(t) 173 (A-50)
3R, (t)
S I D
L RJ(t) (A-51)
J=1

vhere h,(t) is the gearbox level hazard function. However, the individual
terms o% equation (A-51) are merely the generic failure mode hazard func-
tions, hJ(t). As a result, equation (A-51) becomes

hg(t) = hJ(t) (A-52)

Cn ™M =

=1

Generally, the significance of the combination of hazard functions is not
equal to that level assocliated with each hazard function. However, the
maximum likelihood estimate of the combination can be related to that asso-
ciated with each individual failure mode. This result follows from the
fact that the maximum likelihood estimate of a function of several param-
eters is that function of the maximum likelihood estimate of these param-
eters, Equations (A-21) and (A-22) show that for large sample sizes, the
maximum likelihood estimate of reliability and the 50% confidence limit

are synonoymous. As a result, if the 50f confidence level potential hazard
functions and maximum likelihood estimates are combined, it is equivalent
to specifying the gearbox level hazard function with 50%. confidence. It

is for this reason that the 50% confidence level estimate of potential
failure mode hazard functions was used. It should be noted, however, that
the level of confidence is valid only for those times included in the
sample. For data points outside the sample, the hazard functions are only
projections and not the actual 50% confidence level estimates.
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APPENDIX B

PROBABILITY DENSITY FUNCTIONS USED BY INTERFERENCE THEORY

The probability density functions for the Weibull, the normal, the largest

extreme value, the smallest extreme value, and logrithmic normal distribu-
tions are as follows:

b
(a) Weibull Distribution X - X
X -X -¢
b o 0 - x
P(X) = Box 7 - x e fo)
[o] 0
X <x<o
(o]

vwhere x = the independent variable (fatigue strength)
the lower bound of fatigue strength

the characteristic fatigue strength
Weibull slope

oo M
nn

(b) Normal Distribution

o(x) = . . / 20°
Y27ox :
- 00 X<

vhere x = the independent variable (fatigue strength)
¥ = population mean
0 = population standard deviation

(c) Largest Extreme Value

-B(x-M) -B(x-M)
plx) = Be e "¢

where - <o
x = the independent variable (fatigue strength)

B = intensity function (slope)
M = extreme value (mode)
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(a)

{e)

Smallest Extreme Value

p (x) Be+B(x-M) e-e+8(x-M)

=0 X <40

where x = the independent variable (strength)
B = intensity function (slope)
M = extreme value

Logarithmic Normal Distribution

2
1 -(logx-logy)
[¢) (x) =N e 202
V2 mox

x = the independent variable (fatigue strength)

1l 2
population mean = e(logu M 2 9 )
2 2
Population variance = e2logu to 0 ecJ -1
log is natural logarithm.
{
4
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